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The i n t r o d u c t i o n  d e a l s  v i t h  t h e  need  to i n v e s t i g a t e  t h e  
f r o s t  r e s i s t a n c e  of c o n c r e t e  u n d e r  v a r i o u s  e x p o s u re  c o n d i ­
t i o n s .  This  i s  f o l lo w e d  by a r e v i e w  of th e  t h e o r i e s  r e l a ­
t i n g  to  t h e  mechanisms o f  f r o s t  damage i n  cement c a s t e s .
T h is  l e a d s  t o  a d i s c u s s i o n  o f  f a c t o r s  a f f e c t i n g  t h e  f r o s t  
r e s i s t a n c e  of c o n c r e t e s .  P r e v i o u s  f r e e z i n g  and th a w in g  
s t u d i e s  b e g in n i n g  i n  t h e  193 0 ’ s and c o n t i n u i n g  up t o  t h e  
p r e s e n t  a r e  t h e n  r e v ie w e d ,  and t h i s  b r i n g s  out  th e  a ims 
o f  the  P ow ers ’ method o f  i n v e s t i g a t i o n  which v a s  u sed  i n  
t h i s  programme o f  s t u d i e s .
The e x p e r i m e n t a l  programme d e s c r i b e s  t h e  use  o f  3 ,T x 
6 ” c o n c r e t e  soec im ens  to  d e t e r m i n e  the  f r o s t  s u s c e p t i b i l i t y  
d u r in g  f r e e z i n g  by s t u d y i n g  t h e i r  1 e n g th - c h a n g e  vs  t e m p e r a ­
t u r e  p a t t e r n s .  A range  of w a t e r - c e m e n t  r a t i o s  from. 0 .15  
t o  C .6 0 ,  each  w i t h  t h r e e  d i f f e r e n t  maximum s i z e s  o f  a g g r e ­
g a t e s  ( 3 / 4 - i n . ,  3 /?’- i n .  and l / l - i n . )  was u s e d .  I n  o r d e r  
t o  s i m u l a t e  a p p r o p r i a t e  ex p o su re  c o n d i t i o n s  t h e  spec im ens  
were c o n d i t i o n e d  to c l i f f  erent- d e g r e e s ,  o f  s a t u r a t i o n  b e f o r e  
b e i n g  i n t r o d u c e d  i n t o  a f r e e z i n g  chamber .  The main f i n d i n g s  
w e r e :
( a } Low v a t c r - c erne n t  r a t i  os i n c r e a s e  th  e f  ros  t  
r e s i s t a n c e  of  c o n c r e t e .
(b) Large  a g g r e g a t e  p a r t i c l e s  a r e  more v u l n e r a b l e  
t o  f r e e z i n g  damage.
i n
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(c)  C r i t i c a l  d e g re e  of s a t u r a t i o n  i s  found to  
be dep en den t  on t h e  w a t e r - c e m e n t  r a t i o  o f  
the  p a s t e  and t h e  s i z e  o f  a g g r e g a t e s  u s e d .
i v
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1 .  INTRODUCTION
During th e  p a s t  25 y e a r s  man}'- i n v e s t i g a t i o n s  have 
been  c a r r i e d  o u t  on t h e  s u b j e c t  of  d u r a b i l i t y  o f  c o n c r e t e  
u n d e r  f r e e z i n g  and th a w in g  e x p o s u r e .  The p r i n c i p a l  ob­
j e c t i v e  o f  much o f  t h i s  r e s e a r c h  has  been  th e  d e t e r m i n a ­
t i o n  o f  c o m p a ra t iv e  b e h a v i o r  of specimens o f  c o n c r e t e  
made w i th  v a r i o u s  cements  and a g g r e g a t e s ,  w i t h  v a r i o u s  
mix p r o p o r t i o n s ,  w a te r -cem en t  r a t i o s ,  and a i r  c o n t e n t s ;  
c u red  i n  s p e c i f i c  ways f o r  v a r i o u s  l e n g t h s  of  t i m e ;  and 
s u b j e c t e d  t o  v a r i o u s  f r e e z i n g  and th a w in g  t e s t s .  Some 
r e s e a r c h  has  been  of a fu n d a m e n ta l  n a t u r e ,  h a v in g  a s  an 
o b j e c t  the  d e t e r m i n a t i o n  of t h e  c o n d i t i o n s  and mechanisms 
o f  d e t e r i o r a t i o n  and t h e  r o l e  o f  a i r  e n t r a i n m e n t .
I n  v iew of  the  wide v a r i e t y  of c o n c r e t e  m a t e r i a l s ,  
mix p r o p o r t i o n s ,  cu r in g  p r o c e d u r e s  and  t e s t  c o n d i t i o n s  
employed,  w i t h  a conseouen t  wide  v a r i e t y  o f  r e s u l t s  ob­
t a i n e d ,  i t  i s  n o t  s u r p r i s i n g  t h a t  a c o n s i d e r a b l e  amount 
o f  u n c e r t a i n t y  e x i s t s  a s  t o  the meaning o f  much o f  th e  
p u b l i s h e d  r e s u l t s .
The methods c u r r e n t l y  u se d  to  t e s t  t h e  f r o s t  r e s i s ­
t a n c e  o f  c o n c r e t e  need to  be r e - e x a m in e d  c r i t i c a l l y  in  
t h e  l i g h t  o f  p r e s e n t  knowledge of t h e  mechanisms o f  
d e t e r i o r a t i o n .  I t  seems e n t i r e l y  p o s s i b l e  t h a t  a c c e l e r a ­
t e d  f r e e z i n g  and th a w in g  t e s t s  c o u ld  be d e v i s e d  which 
would r e s u l t  i n  the  r a p i d  d e s t r u c t i o n  of a i r - e n t r a i n e d  
c o n c r e t e  which i n  n a t u r e  would p rove  h i g h l y  r e s i s t a n t .
1
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I n d e e d ,  i t  may be  q u e s t i o n e d  w h e th e r  some of t h e  h i g h - s p e e d  
t e s t s  now i n  u se  y i e l d  r e s u l t s  f rom which v a l i d  p r e d i c t i o n s  
can be made o f  b e h a v i o r  u n d e r  n a t u r a l  w e a t h e r i n g  c o n d i t i o n s .  
I t  may n o t  be e s s e n t i a l  t h a t  l a b o r a t o r y  t e s t s  e x a c t l y  r e ­
produce  n a t u r a l  p r o c e s s e s ,  b u t  many a u t h o r i t i e s  t h i n k  t h a t  
i t  i s  i m p o r t a n t  f o r  t h e  f r e e z i n g  r a t e  t o  be s lo w ,  i .  e . ,  
r e a s o n a b l y  c lo s e  to t h o s e  o b t a i n i n g  i n  n a t u r e .  The prob lem  
o f  u s in g  a slow f r e e z i n g  r a t e ,  o f  c o u r s e ,  i s  t h a t  i t  t h e n  
t a k e s  a v e ry  lo n g  t i m e  t o  pe r fo rm  enough c y c l e s  o f  f r e e z i n g  
and th a w in g  to i n d u c e  a o p r e c i a b l e  d e t e r i o r a t i o n .  To o v e r ­
come t h i s  p ro b lem ,  Powers (1955)  s u g g e s t e d  t h e  use  o f  a 
o n e - c y c l e  f r e e z i n g  t e s t  i n v o l v i n g  l e n g t h  m easurem ents  
d u r in g  th e  f r e e z i n g  c y c l e  to t e l l  w h e th e r  o r  n o t  a t  any 
g iv e n  t ime a specimen i s  v u l n e r a b l e  t o  f r o s t  a c t i o n .  " I f  
i t  s h r i n k s  n o r m a l l y  i n  th e  f r e e z i n g  ra n g e  i t  i s  immune; i f  
i t  d i l a t e s ,  i t  i s  not  immune — t h e  p r o c e s s  t h a t  e v e n t u a l l y  
c a u s e s  d i s i n t e g r a t i o n  has b e g u n " .  Powers (1955)
The p u rp o se  of t h i s  r e s e a r c h  p r o j e c t  i s  t o  u t i l i z e  
th e  P o w ers ’ t e s t  to e v a l u a t e  t h e  e f f e c t  o f  d i f f e r e n t  maximum 
a g g r e g a t e  s i z e s  on the f r o s t  r e s i s t a n c e  of c o n c r e t e  mixes  
a t  a v a r i e t y  o f  w a te r - c e m e n t  r a t i o s  and d e g re e s  o f  s a t u r a ­
t i o n .  I t  i s  hoped t h a t  t h i s  i n  t u r n  v a i l  p r o v i d e  d a t a  
which c o u ld  form a b a s i s  f o r  t h e  e s t a b l i s h m e n t  o f  l i m i t i n g  
w a te r -cem en t  r a t i o s  f o r  d i f f e r e n t  e x p o s u r e  c o n d i t i o n s  f o r  
c o n c r e t e .
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I n  o r d e r  t o  u n d e r s t a n d  t h e  mechanisms o f  f r e e z i n g  and 
th a w in g  w i t h i n  t h e  p a s t e ,  an u n d e r s t a n d i n g  o f  t h e  make-up o f  
t h e  P o r t l a n d  cement  p a s t e  s t r u c t u r e  i s  e s s e n t i a l .
In  t h e  p a r l a n c e  of t h e  cement i n d u s t r y ,  a  m ix t u r e  of  P o r t ­
l a n d  c e n e n t  and v a t e r  i s  c a l l e d  cement p a s t e ;  t h e  chemical  r e ­
a c t i o n s  o f  t h e  components o f  P o r t l a n d  cement w i t h  w a t e r  a r e  
spoken o f  c o l l e c t i v e l y  a s  cement h y d r a t i o n ;  h y d r a t i o n  o f  cement  
c a u s e s  the  p a s t e  t o  ha rden  and t h u s  t h e r e  i s  th e  t e rm  "h a rd en ed  
P o r t l a n d  cement p a s t e " .
F r e s h  cement p a s t e  i s  a n e tw o rk  of p a r t i c l e s  of  cement 
i n  -water.  The p a s t e  i s  n l a s t i c ,  and  i t  n o r m a l ly  r e m a in s  th u s  
f o r  an  h o u r  o r  more,  d u r in g  vrhich t i m e  i t  " b l e e d s " ,  i . e . ,  t h e r e  
i s  a s m a l l  amount o f  s e d i m e n t a t i o n  ] j?owers  (1945)J • A f t e r  t h i s  
r e l a t i v e  dormant p e r i o d ,  t h e  p l a s t i c  mass s e t s  and t h e r e a f t e r  
th e  a p p a r e n t  volume o f  t h e  p a s t e  r em a in s  c o n s t a n t , e x c e o t  f o r  
m ic r o s c o p ic  b u t  t e c h n i c a l l y  i m p o r t a n t  v a r i a t i o n s  caused  by 
changes  o f  t e m p e r a t u r e  o r  m o i s t u r e  c o n t e n t , ’ o r  by r e a c t i o n s  
w i t h  a tm o s p h e r i c  C0? .
Chemical  r e a c t i o n s  be tw een  c o m p o nen ts so f  cement and w a t e r  
p ro d uce  new: s o l i d  o h a s e s .  One o f  them i s  c r y s t a l l i n e  c a lc iu m  
h y d r o x id e  and a n o t h e r ,  t h e  p r e d o m in a n t  one ,  m i c r o s c o p i c a l l y  
amorphous ,  i s  cement  g e l .  Cement g e l  i s  composed of g e l  
p a r t i c l e s  and i n t e r s t i c e s  among t h o s e  p a r t i c l e s ,  c a l l e d  g e l  
p o r e s .
3
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The s t r u c t u r e  o f  p a s t e  i s  n o t  i d e n t i c a l  w i th  the  s t r u c ­
t u r e  o f  g e l .  Space w i t h i n  t h e  v i s i b l e  b o u n d a r i e s  o f  a specimen 
o f  p a s t e  c o n ta in s  g e l ,  c r y s t a l s  o f  c a l c i u m  h y d r o x i d e ,  some 
m in o r  components ,  r e s i d u e s  o f  t h e  o r i g i n a l  cement,  and r e s i d u e s  
o f  t h e  o r i g i n a l  w a t e r - f i l l e d  s p a c e s  i n  t h e  f r e s h  p a s t e .  These 
r e s i d u e s  of  w a t e r - f i l l e d  space  e x i s t  i n  t h e  h a rd en ed  p a s t e  as  
i n t e r c o n n e c t e d  ch an n e ls  o r ,  i f  t h e  s t r u c t u r e  i s  dense  enough, 
as  c a v i t i e s  i n t e r c o n n e c t e d  o n ly  by g e l  p o r e s .  These r e s i d u a l  
su b m ic ro s c o p ic  s p a c e s  a r e  c a l l e d  c a p i l l a r y  p o r e s ,  o r  c a p i l l a r y  
c a v i t i  e s .
Thus , two c l a s s e s  o f  p o r e s  w i t h i n  t h e  b o u n d a r i e s  o f  a 
body of  p a s t e  a r e  r e c o g n i z e d :  (1) gel p o r e s ,  which a r e  a
c h a r a c t e r i s t i c  f e a t u r e  o f  t h e  s t r u c t u r e  o f  g e l ,  and t h e y  v a r y  
from 0 .000001  t o  0 .000003  mm i n  mean d i a m e t e r ,  and (2)  c a p i l ­
l a r y  p o r e s  o r  c a v i t i e s ,  r e p r e s e n t i n g  s p a c e  n o t  f i l l e d  by g e l  
o r  o th e r  s o l i d  componentns o f  t h e  sy s te m .  They a r e  t h e  
o r i g i n a l  w a t e r - f i l l e d  sp a ce  which have n o t  become f i l l e d  w i th  
h y d r a t i o n  p r o d u c t s .  These c a p i l l a r y  space  i n c l u d e  a w ide  
v a r i e t y  o f  " s i z e s "  and " s h a p e s "  b u t  p e rh a p s  can be c o n s i d e r e d  
t o  v a ry  a b o u t  0 .000003  t o  0 .013 mm i n  d i a m t e r ,  d e p en d in g  on 
t h e  o r i g i n a l  w/c r a t i o  and t h e  d eg ree  o f  h y d r a t i o n  o f  the 
c erne n t .
C a p i l l a r y  p o r o s i t y  i s  g r e a t e s t  i n  a g iv e n  p a s t e  when t h e  
p a s t e  i s  f r e s h .  I t  i s  l e a s t  when a l l  t h e  cement h as  become 
h y d r a t e d  t h a t  can become h y d r a t e d  u n d e r  e x i s t i n g  c o n d i t i o n s .
L
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At any  g iv e n  s t a g e  o f  h y d r a t i o n ,  c a p i l l a r y  p o r o s i t y  d e fe n d s  
on t h e  o r i g i n a l  p r o p o r t i o n  o f  w a t e r  i n  t h e  p a s t e ,  which i s  
u s u a l l y  e x o re s s e d  as  t h e  r a t i o  o f  w a t e r  t o  cement i n  t h e  
o r i  gi na 1 mixtu r e  .
The p r o d u c t s  from 1 cm^ o f  cement r e c u i r e s  a l i t t l e  
more t h a n  ? cra  ^ o f  s o a c e .  T h e r e f o r e ,  t h e  volume of w a t e r -  
f i l l e d  space  i n  f r e s h  p a s t e  must  exceed  t w i c e  t h e  a b s o l u t e  
volume of cement,  o r  some o f  t h e  o r i g i n a l  cement must rem ain  
u n h y d r a t e d .  Cement g e l  can be o n l y  r r o d u c e d  i n  w a t e r - f i l l e d  
c a p i l l a r y  c a v i t i e s ,  and when a l l  t h o s e  c a v i t i e s  become f u l l ,  
no f u r t h e r  h y d r a t i o n  o f  cement can o c c u r .  The d e g r e e  t o  
which t h e  o r i g i n a l  w a t e r - f i l l e d  space  becomes f i l l e d  w i t h  g e l  
depends on how much o f  t h e  cement has  become h y d r a t e d  and on 
t h e  amount o f  w a t e r - f i l l e d  soace  o r i g i n a l l y  p r e s e n t .  I n  o t h e r  
w o rd s ,  i t  depends on t h e  w/c r a t i o  o f  t h e  r a s t e  and on th e  
e x t e n t  o f  h \x i r a t i o n  o f  th e  c em en t .  F i g u r e  I  i l l u s t r a t e s  how 
h y d r a t i o n  p r o d u c t s  g r a d u a l l y  r e d u c e  t h e  amount o f  c a o i l l a r y  
s p a c e ,  and i n  some c a s e s  e l i m i n a t e  i t .
I t  can be s e e n  t h a t  h y d r a t i o n  r e d u c e s  the  s i z e  and 
volume of t h e  c a p i l l a r y  s r a  ce i n  t h e  r a s t e .  I f  the o r i g i n a l  
c a p i l l a r y  s r a c e  i s  low (w a te r - c e m e n t  r a t i o  about 0 .3 5  by 
■weight), t h e  b u lk  volume o f  t h e  g e l  w i l l  be s u f f i c i e n t  t o  
f i l l  t h i s  s p a c e  and p ro du ce  a n a s t e  f r e e  from c a p i l l a r y  s p a c e .  
At h i g h  w a te r -cem en t  r a t i o s ,  t h e  gel volume i s  n o t  s u f f i c i e n t  
t o  f i l l  c o m p le t e ly  a l l  t h e  o r i g i n a l  w a t e r  sp a ce  i n  t h e  c a s t e ,  
even a f t e r  com ple te  cement h y d r a t i o n ,  and p a s t e s  h a v in g
5
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r e l a t i v e l y  l a r g e  volume o f  c a p i l l a r i e s  may be produced.
The volume of the  g e l  pores  i n  each Quantity  o f  p a s te  i n ­
c r e a s e s  w ith  continued  hyd rat ion  o f  t h e  cement,  whereas  
the volume of t h e  c a p i l l a r y  sp a ces  d e c r e a se s  with h y d r a t io n .
vvater he ld  i n  e i t h e r  g e l  o r  c a p i l l a r y  p o res  does  n o t  
behave as normal f r e e  w a te r .  The g e l  pores  r e t a i n  s i g n i f i ­
cant q u a n t i t i e s  o f  s u r fa c e  abs.orbed water  and chemisorbed  
or hydrate  water  o r  b o th .  Because th e  g e l  p o res  are  so  sm a l l ,  
water c o n ta in e d  in  them i s  under r e l a t i v e l y  high s u r f a c e  
t e n s i o n  and w i l l  not  f r e e z e  under normal f r e e z i n g  tem p era tu res .  
C a p i l la r y  pores  a r e  many t im es  l a r g e r  and p r o p o r t i o n a t e ly  
l e s s  of  t h e  c a p i l l a r y  water  i s  s t r o n g l y  absorbed on th e  pore 
w a l l s ,  and i t  i s  t h e r e f o r e  r e l a t i v e l y  more v o l a t i l e  than i s  
g e l  w a te r .  These are th e  pores which lead  t o  d e t e r i o r a t i o n  
o f  cement because w ater  can f r e e z e  in  them.
7
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3. MECHANISMS OF CONCRETE DETERIORATION
The mechanisms of c o n c r e t e  d e t e r i o r a t i o n  wi 11 become 
c l e a r e r  by f i r s t  c o n s i d e r i n g  two c o n c e p t s :  c r i t i c a l  t h i c k ­
n e s s  and c r i t i c a l  s a t u r a t i o n .  I f  a body  o f  w a t e r - s a t u r a t e d  
h a rd e n e d  cement p a s t e  i s  e x t r e n e l v  l a r g e  - -  t h a t  i s ,  i f  i t  
has  no b o u n d a r i e s  a t  a l l  and no a i r  v o i d s  — a l l  w a t e r  t h a t  
f r e e z e s  must  rem a in  i n  t h e  body and t h e  body m ust  i n c r e a s e  
i n  volume enough to  accommodate th e  w a t e r - v o l u n e  i n c r e a s e  
p roduced  by f r e e z i n g .  Hence,  t h e  volume i n c r e a s e  would be  
a b o u t  9 n e r  c e n t  of t h e  volume of w a t e r  t h a t  f r e e z e s ,  T i th  
a f i n i t e  body ,  however ,  some o f  t h e  e x c e s s i v e  w a te r -v o lu m e  
produced  by f r e e z i n g  may escap e  from t h e  body d u r i n g  f r e e z i n g ,  
and t h u s  o v e r - a l l  d i l a t i o n  of  t h e  body w i l l  be l e s s  t h a n  i t  
would  have been had none o f  t h e  e x c e s s  been e x r e l l e d .  I f  t h e  
body o f  p a s t e  Is a t h i n  s l a b  o r  a s m a l l  p a r t i c l e ,  p a r t s  
n e a r e s t  " e s c a p e  b o u n d a r i e s ” ( th e  s u r f a c e s  th ro u g h  which  
e x c e s s  w a te r  can be e x p e l l e d )  w i l l  n o t  be d i r e c t l y  damaged 
by f r e e z i n g  b e c a u se  a l l  e x c e s s  w a t e r  can e sc a p e  from t h o s e  
r e g i o n s .  I f  t h e  body i s  su f f i  ci e n t l y  t h i c k ,  i n n e r  p a r t s  
w i l l  become d i l a t e d  d u r i n g  f r e e z i n g ,  and. t h i s  v i  11 a f f e c t  
o u t e r  p a r t s  t o o ;  h e n c e ,  t h e  o v e r - a l l  e f f e c t  of f r e e z i n g  
i n  any  g iven  p a s t e  depends on t h i c k n e s s  of t h e  bodj7-. I f  
t h e  body i s  t h i n n e r  t h a n  some c r i t i c a l  l i m i t ,  i t  can be 
f r o z e n  w i t h o u t  acreage.
I f  a bod'"' o** o a s t e  i s  not s a t u r a t e d ,  the  l a r g e s t  s p a c e s
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t e n d  t o  be empty ’w h i le  t h e  s m a l l e s t  r e m a in  f u l l .  Some 
s p a c e s  w i l l  b e  p a r t l y  f u l l .  I f  any g i v e n  c a p i l l a r y  snace  
i s  9 1 .7  o e r  c e n t  f u l l  b e f o r e  i t  f r e e z e s ,  i t  shou ld  be  
e x a c t l y  f u l l  a f t e r  f r e e z i n g  (assum ing  9 t e r  cen t  volume 
e x p a n s i o n ) .  S in c e  i t  c o n ta in s  no e x c e s s  w a t e r ,  i t  w a l l  not  
c o n t r i b u t e  t o  h y d r a u l i c  p r e s s u r e  t h a t  maw^  be  g e n e r a t e d  by 
f r e e z i n g  i n  o t h e r  f u l l e r  s p a c e s .  I f  i t  c o n t a i n s  more t h a n  
9 I . 7  p e r  cen t  o f  i t s  carac i tw r ,  i t  must ,  o f  c o u r s e ,  c o n t r i ­
b u t e  t o  p r e s s u r e ;  the  more n e a r l y  f u l l  i t  i s ,  the more i t  
c o n t r i b u t e s .  T h e r e f o r e ,  f o r  a g iven  c a p i l l a r y  space  in  
h a rd e n ed  c a s t e ,  9 1 .7  p e r  c e n t  i s  a c r i t i c a l  d eg re e  o f  
s a t u r a t i  o n .
I f  th e  p a s t e  a s  a whole i s  not s a t u r a t e d ,  w a ter  w i l l  
n o t  be u n i f o r m ly  d i s t r i b u t e d  among the  c a p i l l a r y  s p a c e s .
The s m a l l e r  s p a c e s  w a l l  t e n d  to  be  f u l l e r  t h a n  the l a r g e r  
o n e s .  Hence,  f r e e z i n g  i n  a p a r t i a l l y  s a t u r a t e d  p a s t e  may 
i n v o l v e  d i s p l a c i n g  w a t e r  f rom s m a l l e r  t o  l a r g e r  s p a c e s .  
Freezing;  i n  c a s t e  may p roduce  some s t r e s s  even when th e  
o v e r - a l l  s a t u r a t i o n  c o e f f i c i e n t  i s  below t h e  t h e o r e t i c a l  
l i m i t .  Such s t i^ess  i s  not  l i k e l y  to be d e s t r u c t i v e ;  i n  
f a c t ,  i n d i c a t i o n s  a r e  t h a t  a sm a l l  l o s s  of  e v a p o r a b l e  w a te r  
e n a b le s  a c a s t e  t o  -w i ths tand  s e v e r e  f r e e z i n g .  j^Pow/ers 
(1955) ]  •
F r e e z i n g  o f  w a ter  in  a s a t u r a t e d  p a s t e  c a u s e s  p a s t e  
t o  d i l a t e  d e s t r u c t i v e l y .  The mechanisms i n v o l v e d  a r e :
(1) H y d r a u l i c  P r e s s u r e  (? )  Growth c f  C a p i l l a r y  I c e ,  and
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(3 ) 0 sm o t ic  P r e s s u r e .
3 . 1  H y d ra u l i c  P r e s s u r e
I n  a  wa ter  soaked  p a s t e  t h e  c a p i l l a r y  and p e l  c o re s  
a r e  f u l l  o r  n e a r l y  f u l l  o f  w a t e r ,  h a t e r  can be  caused to  
f r e e z e  i n  c a p i l l a r y  p o r e s ,  b u t  i t  c a n n o t  f r e e z e  i n  pe l  
c o r e s .  Gel p o r e s  a p p a r e n t l y  a r e  to o  sm a l l  t o  r e m i t  
n u c l e a t i o n  o f  i c e  c r y s t a l s .  'Jhen t h e  t e m p e r s tu r e  f a l l s  t o  
a p o i n t  where f r e e z i n g  should  b e g i n ,  i c e  c r y s t a l s  a p p e a r  I 
t h -  c a p i l l a r y  -o r . -a .  ' 'hen t h e  vaiwvc b e g i i s t o  change t o  
i c e ,  t h e  volume of w a t e r  u lu s  i c e  v i  11 exceed th e  o r i g i n a l  
c a p a c t i t y  o f  the p o r e s  because  of 9 p e r  c e n t  i n c r e a s e  in  
volume of w a te r  chan g in g  t o  i c e .  T h e r e f o r e ,  the  p o re  must 
d i l a t e  o r  t h e  e x c e s s  w a t e r  must  be e x p e l l e d  from i t .  Then 
h y d r a u l i c  p r e s s u r e  i s  g e n e r a t e d  b e c a u s e  the  growing i c e  
c r y s t a l s  d i s o l a c e  u n f r o z e n  w a t e r ,  c a u s in g  w a t e r  t o  f lo w  
t h r o u g h  th e  u n f ro z e n  p a r t s  o f  t h e  body .  The p r e s s u r e s  
t h a t  a r e  dev e lop ed  during; t h i s  p r o c e s s  w i l l  depend upon 
th e  amount o f  f r e e z a b l e  w a t e r ,  the  r a t e  o f  f r e e z i n g ,  and 
th e  p e r m e a b i l i t y  o f  th e  s u r r o u n d in g  m a t e r i a l  and t h e  d i s ­
t a n c e  i t  must  go to  o b t a i n  r e l i e f .  These p r e s s u r e  p roduce  
t r i a x i a l  d i l a t i o n s  o f  the  r a s t e ,  and i f  t h e s e  h ydrau l  i c  
s t r e s s e s  rem ain  below the s t r e n g t h  o f  t h e  c o n c r e t e  o r  the  
p a s t e ,  t h e y  w i l l  r a p i d l y  be d i s s i p a t e d , b u t  i f  t h e y  r i s e  
above t h e  s t r e n g t h  the}?- w i l l  p roduce  Permanent  damage. 
[^Powers (1955 ) J  •
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The fo l lo w in g  t a b l e  {^Powers (195 5 g i v e s  t h e  
r e l a t i o n  between d egree  o f  s a t u r a t i o n  and h y d r a u l ic  
p ressu re  developed in  f r e e z i n g .
Degree o f  S a t u r a t io n Hydraulic
Developed
( p s i )
P ressu re  
in  F reez in g
1 .0 0 100
0 .9 9 86 t
0 .9 3 6S
0 .9 7 56
0 .9 1 7 0
3 .2  Growth o f  C a p i l l a r y  I c e
When th e  body o f  p a s te  c o n t a in s  few e  ^11 ary  c a v i t i e s ,  
i c e  b e g in s  to form a t  r e l a t i v e l y  few p o in u s ,  the resulting hy­
drau l ic  p ressu re  i s  t o o  low t o  cause d i l a t i o n .  Gr.ce a body 
o f  i c e  has formed in  a c a v i t y ,  t h a t  i c e  a c o u i r e s  the a b i l i t y  
t o  draw w a te r  from the  surrounding  un frozen  r e g i o n s  a s  soon  
as  the temperature drops below the m e l t i n g  p o in t  of i c e  i n  
the c a v i t y .  While water i s  be ing  drawn from r e g i o n s  surroun  
ding a body o f  c a p i l l a r y  i c e ,  the paste tends!to shrink but 
water  a t  t h e  same t im e  i s  moving i n t o  t h e  c a v i t y  where i t  
f r e e z e s  and c a u s e s  t h e  i c e  c r y s t a l  t o  grow. The o v e r - a l l  
r e s u l t  i s  d i l a t i o n  because  d ir in k ag e  i s  overcome by th e  
growth o f  i c e  c r y s t a l s .
11
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3 .3  Osmotic  P r e s s u r e
The m a t e r i a l  b o r d e r i n g  each c a p i l l a r y  i s  cement g e l  
c o n t a i n i n g  g e l  p o r e s  and s o l u t i o n  and i c e  c a n n o t  form i n  
t h e s e  p o r e s  b e c a u s e  of t h e i r  s m a l l n e s s .  F r e e z i n g  concen­
t r a t e s  t h e  s o l u t i o n  i n  the  c a n i l l a r y  c o r e s  w i t h o u t  p ro d u ­
c in g  an e o u a l  change i n  c o n c e n t r a t i o n  i n  t h e  ge l  p o r e s .
Thus f r e e z i n g  should  im m e d ia te ly  n re d u c e  a t e n d e n cy  f o r  th e  
s o l u t e  i n  t h e  c a o i l l a r y  a s t e r  t o  d i f f u s e  i n t o  t h e  r e g i o n  o f  
l e s s e r  c o n c e n t r a t i o n ,  the  c o n t ig u o u s  gel  w a t e r .  At the 
same t im e  g e l  w a te r  t e n d s  t o  d i f f u s e  i n t o  t h e  cone e n t r a t e d  
s o l u t i o n  i n  the  c a p i l l a r y .  while  t h e  c o n c e n t r a t i o n  d i f f e r e n ­
t i a l  e x i s t s ,  a d i l a t i o n  tendency  e x i s t s  w h ic h ,  when opposed ,  
w a l l  a o p e a r  as  o sm o t ic  n r o s s u r e .  T h i s  o sm o t ic  a c t i o n  a l s o  
i n c r e a s e s  trie h y d r a u l i c  p r e s s u r e  i n  cement p a s t e  a s  f r e e z a b l e  
w a te r  i s  f o r c e d  from th e  c a p i l l a r i e s  i n t o  t h e  g e l  p o r e s .
1?
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k .  EJECTS O'f AIR BUTRAINKENT
Both h y d r a u l i c  p r e s s u r e  and g ro w th  o f  i c e  cryrs t a l s  a r e  
r e l a t e d  t o  t h e  " d e c r e e  o f  s a t u a t i o n ” t h e o r y  o f  f r o s t  dams.re. 
I f  t h e  d eg re e  o f  s a t u a t i o n  i s  below seme c r i t i c a l  p r o p o r t i o n  
(ab o u t  ? ! . ?  p e r  c e n t ) ,  t h e r e  m i l  o r d i n a r i l y  be p r e s e n t  
enough a i r - f i l l e d  c a p i l l a r y  so s c e  t o  s ccommodate the  w a te r  
d i s p l a c e d  byr th e  i c e  b e ing  formed.  However, in  the  f i n e  
c a p i l l a r y  s t r u c t u r e  of  t h e  cement p a s t e ,  t h i s  s n a c e  must be  
everyw here  c l o s e  to  th e  p o i n t s  from which w a te r  i s  moving 
t o  a v o i d  d e s t r u c t i v e  p r e s s u r e .  Mow t h e  r o l e  o f  e n t r a i n e d  
a i r  becomes e v i d e n t .
I t  i s  to  p r o v id e  i n  the  h a rd e n ed  p a s t e  a  m u l t i t u d e  o f  
a i r  b u b b l e s ,  r a n g i n g  from 0 .001  t o  0 .002  in c h  i n  d i a m t e r ,  
s e p a r a t e d  from one a n o t h e r  by o n ly  a few th o u s a n d th s  o f  an 
i n c h ,  so t h a t  e x c e s s  w a t e r  d i s p l a c e d  d u r i n g  th e  f r e e z i n g  
p r o c e s s  has  o n ly  a s h o r t  d i s t a n c e  to  move b e f o r e  f i n d i n g  
r e l i e f  sp a c e .  In  o t h e r  w ords ,  t h e  a i r  b u b b le s  p r o v id e  
o r e s s u r e - r e l i e f  p o i n t s ,  o r  ne sca re  b o u n d a r i e s " .  The e x ­
t r u d e d  v /ater  f r o z e n  i n  the  a i r  bubble i s  able  to e x t r a c t  
a d d i t i o n a l  w a te r  from th e  su r ro u n d in g  p a s t e  and t h u s  prevent- 
the  growth o f  i c e  c r y s t a l s  i n  the p a s t e .  They n o t  on ly  
s im p ly  s e r v e  a s  a b u f f e r i n g  volume f o r  the  volume exprns i  on 
o f  f r e e z i n g  w a te r  b u t  a l s o  p r o v i d e  b e t t e r  p o s s i b i l i t i e s  f o r  
trie o u t - f l o w  of 'w a te r .  U s u a l l y  t h e s e  a i r  b u b b les  a r e  no t  
f i l l e d  w i t h  w a te r  o r  o n l y  p a r t i a l l y ,  e x c e p t  u nder  h ig h  
vacuum and p r e s s u r e .  Being f a r  l a r g e r  t h a n  t h e  c a p i l l a r y
1 7— y
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v o i d s  t h e  e n t r a i n e d - a i r  b u b b le s  a r e  a v a i l a b l e  a s  p o i n t s  
o f  p r e s s u r e  r e l i e f ;  m o i s tu r e  f o r c e d  ou t  o f  t h e  c a p i l l a r y  
v o id s  i n t o  t h e  e n t r a i n e d - a i r  b u b b le s  d u r in g  f r e e z i n g  i s  
drawn back  i n t o  t h e  f o r m e r  by c a o i l l a r y  f o r c e s  d u r in g  and 
a f t e r  t h a w in g .  Because  of  the  p l a s t i f y i n g  e f f e c t  o f  t h e s e  
a i r  p o r e s  a l r e a d y  i n  f r e s h  c o n c r e t e ,  t h e  same c o n s i s t e n c y  
and b e t t e r  w o r k a b i l i t y  a r e  r e a c h e d  w i t h  a s m a l l e r  Q u a n t i t y  
o f  m ix ing  w a t e r .  Thus a r e d u c t i o n  i n  the  Q u a n t i t y  o f  m ix in  
w ater  r e d u c e s  the c a p i l l a r y  pore  a r e a  o f  h a rd e n e d  c o n c r e t e .
The p a s t e  i n  n o n - a i r - e n t r a i n e d ,  c o n c r e t e  may, and u s u a l !  
d o e s ,  c o n t a i n  l a r g e  n a t u r a l  a i r  v o i d s  i n  su f  f i c i e n t  t o t a l  
volume to c o n t a i n  t h e  w a t e r  d i s p l a c e d  d u r i n g  t h e  f r e e z i n g  
p r o c e s s ,  y e t  such p a s t e  may be  d i l a t e d  and damaged by 
r a p i d  f r e e z i n g  when s a t u r a t e d  b e c a u s e  t h e  n a t u r a l  a i r  v o i d s  
a r e  t o o  f a r  a p a r t  t o  be e f f e c t i v e .
The n e c e s s i t y  f o r  u s i n g  e n t r a i n e d  a i r  i n  c o n c r e t e  does 
not a r i s e  from a l a c k  o f  spa ce to accommodate t h e  i n c r e a s e  
i n  w a te r  volume caused  by f r e e z i n g .  A i l  c o n c r e t e s  c o n t a i n  
a t  l e a s t  one h a l f  o f  one per c e n t  of a i r  s n a c e ,  and t h i s  i s  
more t h a n  enough to accommodate the i n c r e a s e  i n  w a t e r  volume 
p ro d uced  by f r e e z i n g  o f  m a tu re  c a s t e .  The n u a n t i t y  o f  a i r  
r e o u i r e d ,  r a n g i n g  from 3 '> o f  t h e  volume o f  c o n c r e t e  upw ards ,  
i s  t l s a t  w h ich  s u p p l i e s  a s u f f i c i e n t  number of b u b b l e s  per  
u n i t  volume of  n a s t e  to  red u ce  t h e  d i s t a n c e s  be tween b ub b le  
b o u n d a r i e s  t o  an a d e o u a te  lew v a l u e ,  o r  i n  o t h e r  w o rd s ,  the
Q u a n t i t y  n e c e s s a r y  t o  a s u f f i c i e n t  number o f  b u b b l e s  to
14
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d i v i d e  the  p a s t e  i n t o  v e r y  t h i n  l a y e r s .
F i g u r e  2 {^Brewer ( 1 9 to ) J  shows how d u r a b i l i t y  v a r i e s  
w i t h  a i r  c o n t e n t .  An optimum a i  r  c o n te n t  i s  o b t a i n e d  f o r  
each  c o n c r e t e  and t h i s  optimum v a r i e s  w i t h  t h e  o u & l i tv  of  
t h e  c o n c r e t e .  High d u a l i t y  p l a i n  c o n c r e t e  i s  o b t a i n e d  b y  
u s in g  good dry  a g g r e g a t e ,  good cenent  , and a low v/at-er- 
c enen t  r a t i o  and p ro p e r  I 3- c u r in g  t h e  c o n c r e t e .  Four  p e r c e n t  
a i r  i s  s u f f i c i e n t  f o r  e x c e l l e n t  c u a l i t \ T c o n c r e t e  w h i le  as much 
as  1 ? p e r c e n t  a i r  nay  be n e c e s s a r y  to  p ro d u ce  d u r a b l e  c o n c r e t e  
from seme po o r  o u a l i t y  m a t e r i a l s .  However,  a i r  c o n t e n t s  of 
mere t h a n  8 p e r c e n t  ( 3 / b - i n c h  maximum s i z e d  a g g r e g a t e )  a r e  
not  recommended b e c a u s e  of d e t r i m e n t a l  e f f e c t s  t o  o t h e r  
p r o p e r t i e s  of c o n c r e t e .
15
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5 .  EFFECT OF T.'7ATEP.-CEl'IENT RATIO
Only the w a te r  i n  t h e  c a p i l l a r i e s  may f r e e z e .  The 
c a p i l l a r y  p o r e s  i n  c o n c r e t e  a r e  formed by t h e  e x c e s s i v e  
w a t e r  which i s  a r e s u l t  o f  t h e  r e l a t i o n  o f  th e  t o t a l  volume 
o f  m ix in g  w a t e r  to t h e  c h e m i c a l l y  c o n b in e d  w a t e r  and t o  
the  c e l  w a t e r  s u b j e c t  t o  t h e  a d s o r p t i v e  p o w e r .  With 
s u f f i c i e n t  l o n g - t i m e  h y d r a t i o n ,  e . g . ,  a f t e r  2 $ d a y s ,  a c c o r ­
d in g  t o  Wood 1964 , th e  c h e m i c a l l y  and p h y s i c a l l y  com­
b i n e d  v /a te r  i s  s a i d  t o  be a b o u t  40 p e r  c e n t  of  t h e  cement 
w a t e r .  T h a t  i s ,  i f  a w a t e r - c e m e n t . r a t i o  below 0 .4 0  by 
w e ig h t  i s  u s e d  i n  c o n c r e t e ,  t h e  s m a l l e r  number o f  c a p i l l a r i e s  
i n  t h e  p a s t e  w o u ld  n o t  be v u l n e r a b l e  t o  f r e e z i n g  d e t e r i o r a ­
t i o n .  P o r t l a n d - c e m e n t  p a s t e s  o f  low w a te r - c e m e n t  r a t i o  a r e  
m o r e .r e s i s t a n t  t o  t h e  b u i l d - u p  o f  h y d r a u l i c  p r e s s u r e s  and 
th e  g ro w th  o f  c a p i l l a r y  i c e  s im p ly  b e c a u s e  t h e r e  a r e  few er  
c a p i l l a r i e s  i n  t h e  p a s t e .
The o u a n t i t y  o f  c a p i l l a r y  p o r e s  i n  t h e  p a s t e  d e p en d s  
on w a te r - c e m e n t  r a t i o .  S in c e  t h e  volume of cement g e l  p r o ­
duced by h y d r a t i n g  t h e  cement i s  a p p r o x i m a t e l y  t w i c e  t h e  
volume o f  t h e  cem en t ,  c o n s e q u e n t l y  t h e  ge l  n o t  o n ly  r e ­
p l a c e s  t h e  o r i g i n a l  cement m i n e r a l s  b u t  a l s o  t e n d s  to  f i l l  
t h e  o r i g i n a l  w a t e r - f i l l e d  s p a c e .  T h e r e f o r e ,  a w e l l - c u r e d  
low w a te r - c e m e n t  r a t i o  p a s t e  w i l l  have  s m a l l e r  c a p i l l a r y  
volume,  o r  s m a l l e r  c a p i l l a r y  s i z e s .  The e f f e c t s  o f  t h e s e  
i n t e r n a l  changs  g i v e  r i s e  t o  low p e r m e a b i l i t y  o f  t h e  p a s t e .
17
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T ab le  I  £ P o w e rs , C ope land ,  Hayes and I lann , (1954)] show? 
the  e f f e c t s  o f  a r e  on p e r n e a b i l i t y . The d a t a  p e r t a i n  to a 
g iv e n  p a s t e  a t  d i f f e r e n t  s t a g e s  c f  h y d r a t i o n .  N o t i c e  t h a t  
w i t h i n  a -week t h e  c o e f f i c i e n t  o f  p e r m e a b i l i t y  d ropped  t o  
a b o u t  one o n e - h u n d r e d - t h o u s a n d t h  o f  i t s  i n i t i a l  v a l u e .
The r e l a t i o n s h i p '  f o r  a s e r i e s  of  p a s t e s  i n  which a b o r t  
931 o f  th e  cement r a s  h y d r a t e d  i s  g iv e n  i n  F i g u r e  3• £?ower 
C ope land ,  Hayes and I lann , (1954)J •
The p e r m e a b i l i t y  o f  a w e l l - c u r e d  p a s t e  i s  r e d u c e d  ap -  
p r o x i m a t e l j ’ a thotis and f o l d  b3r r e d u c t i o n  i n  w a te r - c e m e n t  
r a t i o s  from O.o t o  C .4  by w e i g h t . This l a r g e  r e d u c t i o n  i n  
p e r m e a b i l i t y  i s  due to t h e  d r a s t i c  r e d u c t i o n  i n  c a n i l l a r y  
s i z e  and volume t h a t  accom panies  t h e  d e c r e a s e  in  w a t e r -  
cement r a t i o .  A l l  o f  t h e  c a p i l l a r y  volume i n  f r e s h  p a s t e  i s  
c a p a b le  o f  rap id ,  t r a n s m i s s i o n  o f  w a t e r  ; t h i s  p e r m e a b i l i t y  
r a p i d l y  d e c r e a s e s  w i t h  h y d r a t i o n .  The p e r m e a b i l i t y  o f  a 
p a s t e  o f  0 . 3  w a te r -ce m en t  r a t i o  may d e c r e a s e  a t h o u s a n d f o l d  
be tw een  t h e  c u r i n g  a g e s  o f  7 days and 1 y e a r .  Thus,  t h e r e  
i s  a mi .1 l i o n  f o l d  d i f f e r e n c e  be tw een  t h e  p e r m e a b i l i t y  o f  h ig h  
w a t e r - r a t i o  p a s t e  a t  e a r l y  a g es  and t h a t  of  w e l l - c u r e d  low- 
w a t e r - r a t i o  c a s t e .
The p e r m e a b i l i t y  o f  p a s t e  h as  an  i m p o r t a n t  b e a r i n g  on 
t h e  v u l n e r a b i l i t y  of c o n c r e t e  t o  f r o s t  a c t i o n .  I t  d e t e r ­
mines the r e l a t i v e  e a s e  w i th  which t h e  cement p a s t e  and 
a g g r e g a t e s  may become s a t u r a t e d .  Sometimes e n g i n e e r s  a r e  
co n ce rn e d  n o t  o n l v s a b o u t  t h e  d u r a b i l i t y  o f  t h e  c o n c r e t e
i  ft
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we re  i t  t o  become c r i t i c a l l j ’- s a t u r a t e d  b u t  more i m p o r t a n t l y  
about  t h e  l e n g t h  o f  t ime r e n u i r e d  f o r  c o n c r e t e  t o  a t t a i n  
such a s t a t e  o f  v u l n e r a b i l i t y  t o  f r e e z i n g  when exposed  to  
t h e  w e t t i n g  and f r e e z i n g  c o n d i t i o n s  o f  w i n t e r .  v /e l l -c u rE d  
and low p e r m e a b i l i t y  c o n c r e t e  may r e n u i r e  many months to  
a t t a i n  a c r i t i c a l  s a t u r a t i o n  and hence  s u c c e s s f u l l y  laass 
t h ro u g h  t h e  f r e e z i n g  s e a s o n .
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WATER CEMENT RATIO (By weight)
Figure 3 .  R e la t io n sh ip  Between C o e f f i c i e n t  o f  P e r m e a b i l i ty  
and Water-cement Ratio  (Powers, Copeland, Hayes and 
Mann (1954 )J
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Tab le  1 - R e d u c t io n  cf  P e r m e a b i l i t y  By Cemen 
H y d ra t io n  (^Powers, C ope land ,  Haye 
and I .a n n (19 5 k )]
Age P e r m e a b i l i t y  C o e f f i c i e n t  
K-j s cm/'sec
f r e s h 2 x 1 0 "^
5 day s 4 x 10“ J
so 1 x 1 0 ”
a 4 x 1 0 “ 9
13 5 x 1 0 - 1 0
24
oi—i io 1—1XrH
U l t i m a t e 0 . 6  x 1 0 " 1 0
•v/C = 0 .7 0
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6 . EFFECTS OF AGGREGATES AND CRITICAL SIZE CONCEPT
The n eed  f o r  an u n d e r s t a n d i n g  o f  t h e  i n f l u e n c e  o f  
a g g r e g a t e s  on th e  r e s i s t a n c e  o f  c o n c r e t e  to  f r e e z i n g  and 
th aw ing  i s  becoming i n c r e a s i n g l y  i m p o r t a n t .  The d u r a b i l i t y  
o f  c o n c r e t e s  depends  on t h e  r a t e  a t  which  the  a g g r e g a t e s  
become c r i t i c a l l y  s a t u r a t e d  i n  t h e  c o n c r e t e  and upon t h e  
d i f f e r e n t  p h y s i c a l  r e s p o n s e s  o f  t h e  a g g r e g a t e s  to  f r e e z i n g .
The g e n e r a l  c o n c e p t s  o f  t h e  f r o s t  r e s i s t a n c e  of  
cerrent  p a s t e  a r e  a l s o  a p p l i c a b l e  t o  a g g r e g a t e s .  TThen 
s a t u r a t e d  t h e  r e s i s t a n c e  of a g g r e g a t e s  t o  f r e e z i n g  der>ends 
upon t h e  p o r e  c h a r a c t e r i s t i c s  o f  t h e  a g g r e g a t e s  and t h e  
cement p a s t e .  As i n  t h e  cement p a s t e ,  t r ie  m a g n i tu d e  of the  
h y d r a u l i c  p r e s s u r e  dev e lo p ed  i n  a g g r e g a t e s  d e p en d s  upon 
t h e i r  d e g r e e  of  s a t u r a t i o n  and t h e  n e r m e a b i l i t y  and s i z e  
o f  th e  a g g r e g a t e  p a r t i c l e .  I f  t h e  a g g r e g a t e  p o r e s  a r e  not  
f u l l y  s a t u r a t e d , l e s s  w a te r  would need  to  b e  e x p e l l e d  d u r i n g  
f r e e z i n g  and lo w e r  o r  n e g l i g i b l e  h y d r a u l i c  p r e s s u r e s  would 
r e s u l t .  I f  th e  p o r e s  a r e  f u l l y  s a t u r a t e d ,  w a t e r  w i l l  be 
e x p e l l e d  i n t o  t h e  p a s t e  s u r r o u n d i n g  t h e  a g g r e g a t e s  and 
p o t e n t i a l l y  d e s t r u t i v e  h y d r a u l i c  p r e s s u r e s  raa.y d e v e l o p  t h e r e  
as  vre l l  a s  i n  th e  a g g r e g a t e s .  Thus,  t h e  p r o p e r t i e s  o f  p a s t e ,  
i t s  p e r m e a b i l i t y ,  a i r  c o n t e n t ,  and p o r o s i t y  a r e  a l s o  i n ­
v o lv ed  i n  t h e  p rob lem  o f  a g g r e g a t e s  d u r a b i l i t y .  I n  a d d i t i o n ,  
t h e  p a s t e  can s i g n i f i c a n t l y  i n f l u e n c e  the  d e g r e e  o f  s a t u r a t i o n  
o f  the  a g g r e g a t e s  i n  c o n c r e t e  by l i m i t i n g  the  i n g r e s s  of
22
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w a t e r ;  t h e  p r o t e c t i o n  a f f o r d e d  i n  t h i s  manner dec ends 
upon th e  p e r m e a b i l i t y  and t h i c k n e s s  of  t h e  p a s t e  o r  m o r ta r  
cover  s e p a r a t i n g  t h e  a g g r e g a t e  from t h e  wet  s u r f a c e  o f  
t h e  c o n c r e t e .
The e x p e l l e d  w a t e r  from th e  a g g r e g a t e  must  f i n d  
p r e s s u r e - r e l i e f  p o i n t s  b e f o r e  c a u s in g  d e s t r u c t i o n  cP th e  
p a s t e .  R e l i e f - p o i n t s  a r e  a v a i l a b l e  i f  t h e  p a s t e  i s  a i r -  
e n t r a i n e d .  These a i r  b u b b l e s  must be c lose  enough to t h e  
a g g r e g a t e  b e c a u se  h y d r a u l i c  p r e s s u r e  i s  a f u n c t i o n  o f  t h e  
t r a v e l l e d  d i s t a n c e s  o f  t h e  e x p e l l e d  w a t e r .  I t  i s  f o r  t h i s  
r e a s o n  t h a t  the  use o f  e n t r a i n e d - a i r  may be o f  b e n e f i t  t o  
the  c a s t e  and th e  a g g r e g a t e  d u r in g  f r e e z i n g .
6 .1  T h ic k n e s s  and P e r m e a b i l i t y  o f  M o r ta r
I t  i s  r e a s o n a b l e  to assume [V erbeck  and Landgren  ( I 9 6 0 )] 
t h a t  t h e  m o r t a r  c o v e r  t r a n s m i t s  w a te r  by c a o i l l a r y  t e n s i o n  
i n  a  manner a p p r o x i m a t i n g  D a rc y ’ s Law f o r  f low  under  h y d r o ­
s t a t i c  p r e s s u r e  and t h e r e f o r e  t h a t  t h e  r a t e  of f low would 
d e c r e a s e  as  th e  t h i c k n e s s  of t h e  membrane i n c r e a s e s ,  and 
t h a t  s h i g h l y  pe rm eab le  membrane would t r a n s m i t  w a te r  more 
r a p i d l y  t h a n  a membrane o f  low- p e r m e a b i l i t y .
The p e r m e a b i l i t y  o f  p a s t e  o r  m o r t a r  depends s i g n i f i ­
c a n t l y  upon t h e  w a te r -ce m en t  r a t i o  and t h e  d e g re e  o f  h y d r a ­
t i o n  o f  t h e  cement a s  d i s c u s s e d  e a r l i e r .  F o r  w e l l  h y d r a t e d  
p a s t e s  t h e  p e r m e a b i l i t y  nay be i n c r e a s e d  by a s  much as  1 0 0  
f o l d  a s  t h e  w a te r - c e m e n t  r a t i o  i s  i n c r e a s e d  from 0 .L0  to
Such d i f f e r e n c e s  i n  p e r m e a b i l i t y  have  a s i g n i f i c a n t  i n f l u e n c e
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on t h e  r a t e  a t  which  th e  m o r t a r  membrane w i l l  t r a n s m i t  
w a te r  i n t o  an a g g r e g a t e .  That  t i e  nerm eabi l i t^w and 
t h i c k n e s s  of  t h e  m o r t a r  c o v e r  does s i g n i f i c a n t l y  a f f e c t  
t h e  t im e  r e o u i r e d  f o r  an a g g r e g a t e  t o  become d e s t r u c ­
t i v e l y  s a t u r a t e d  i n  c o n c re te  i s  d e m o n s t r a t e d  i n  T ab le  2.
T a b le  2 .  -  Time R e o u i r e d  f o r  D e s t r u c t i v e
S a t u r a t i o n  o f  A g g re g a te  Depends upon t h e  
P e r m e a b i l i t y  and T h ic k n e s s  of t h e  P r o t e c t i v e  
M o r ta r  Cover.  ( / /e rbeck  and l a n d g r e n  (196C)J .
M o r t a r  Cover
Days of b J e t t i n g  S u s t a i n e d  
B e fo re  F a i l u r e  (Popou t)  a t  
V a r io u s  T h ic k n e s s e s  o f  
M o r ta r  Cover
" la te r  -Cement 
R a t i o  by 
I fe ight
P e r m e a b i l i t y  
K^, cm/sec
1 / 6 - i n . 
Thick
1 / 4 - i n .
rr»V»«? /-> V 1 n i  c±z
3 / 6 - i n . 
Thick
C.70 3 0 0 0 x l 0 " 9 1 1 1 0 ^ 0  •' i / 792
0 .4 5 l x l O " 9 477
UPtoto 960
6 . 2 C r i t i c a l  S iz e  Concept
I f  the  d e g r e e  of s a t u r a t i o n  o f  an a g g r e g a t e  i s  
s u f f i c i e n t l y  h i g h ,  say above 91  p e r c e n t ,  so t h a t  t h e  r e ­
m a in in g  a i r - f i l l e d  p o r e s  c an n o t  accommodate t h e  9 p e r c e n t  
e x p a n s io n  c f  w a t e r  d u r i n g  f r e e z i n g ,  t h e  w a te r  w i l l  be ex­
p e l l e d  i n t o  t h e  p a s t e  s u r r o u n d i n g  the  a g g r e g a t e  and h y d r a u ­
l i c  p r e s s u r e  i s  d e v e lo p e d .  The e x c e l l e d  w a t e r  must  t r a v e l  
a c e r t a i n  d i s t a n c e  i n t o  t h e  s u r r o u n d i n g  p a s t e .  The 
h y d r a u l i c  P r e s s u r e  would i n c r e a s e  as the  d i s t a n c e  i n c r e a s e s .  
The e x p u l s i o n  d i s t a n c e  depends s i g n i f i c a n t ! 3s upon t h e  
a g g r e g a t e  s i z e  and the  a i r  c o n t e n t  o f  t h e  s u r r o u n d i n g  p a s t e
21,
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I f  the  a g g r e g a t e  s i z e  i s  l a r g e ,  t h e  f r e e z i n g  w a t e r  must 
t r a v e l  a r e l a t i v e l y  lo n g  ch. s t a n c e  b e f o r e  r e a c h i n g  th e  a i r -  
e n t r a i n e d  s u r r o u n d i n g  m o t e  (assuming t h e  c o n c r e t e  i s  a i r -  
e n t r a i n e d )  . The h y d r a u l i c  p r e s s u r e  i n c r e a s e s  a s  the  
t r a v e l l e d  d i s t a n c e  i n c r e a s e s .  The r e s u l t i n g  p r e s s u r e  can 
be so h ig h  t h a t  even a i r - e n t r a i n e d  pa s t e  would be damaged 
b e cause  o f  t h e  r e l a t i v e l y  l a ;  p e r m e a b i l i t y  o f  t h e  p a s t e .  
T h e r e f o r e ,  the a d v a n ta g e o u s  e f f e c t  o f  u s i n g  a s m a l l  maxi­
mum s i z e  o f  an a g g r e g a t e  i n  c o n c r e t e  on th e  r e o u i r e d  e x ­
p u l s i o n  d i s t a n c e  and p o t e n t i a l  d e s t r u c t i v e  a c t i o n  a o p e a r  
o b v io u s ;  the s m a l l e r  t h e  s i z e ,  t h e  s h o r t e r  t h e  e x p u l s io n  
d i s t a n c e ,  and lo w e r  t h e  r e s u l t i n g  h y d r a u l i c  p r e s s u r e .
» ~~f r s'i  f i fob
o r.
[MWERSITY Of 1 1HD301 UBS
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The p o s s i b i l i t y  o f u s i n g  f r e e z i n g - a n d - t h a w i n g  t e s t s  
on c o n c r e t e  a s  a means of  s t u d y i n g  t h e  f r o s t  r e s i s t a n c e  
h as  b e e n  r e c o g n i z e d  f o r  many y e a r s ; Jackson  (1 9 3 2 ) ,
Lang (123S) and Campbell  (1939)  d id  s i m i l a r  v/ork on t h e  
c o m n a r i s io n s  o f  f r e e z i n y - a n d - t h a w i n g  t e s t s  and f i e l d  
pe rfo rm an  ce of v a r i o u s  c o n c r e t e  a g g r e g a t e s .  Specimen Is 
made w i th  ag grega te  i n  q u e s t i o n  were c o n s i d e r e d  to  b e  
a c c e p t a b l e  i f  t h e y  d.id no t  show a r e d u c t i o n  o f  f l e x u r a l  
s t r e n g t h  g r e a t e r  t h a n  3 0  p e rc e n t  when s u b j e c t e d  t o  4 0  
c y c l e s  of  f r e e z i n g  and th a w in g .
The American S o c i e t y  f o r  T e s t i n g  and M a t e r i a l s  
p u b l i s h e d  a symposium on f r e e z i n g - a n d  - 1 hawiny  t e s t s  of  
c o n c r e t e  in  194-6. P r o c e d u r e s  and p r a c t i c e s  in  t h e  m ajo r  
U. S. l a b o r a t o r i e s  were p r e s e n t e d  i n  d e t a i l ,  w i t h  many 
o p i n i o n s  r e g a r d i n g  th e  i n t e r p r e t a t i o n  o f  such t e s t s .  This  
s e r i e s  o f  p a p e r s  i s  r i c h  i n  u s e f u l  i n f o r m a t i o n  even to d a y  
b u t  some i t e m s  a r c  p a r t i c u l a r l y  p e r t i n e n t  t o  a s t u d y  o f  
a g g r e g a t e  t e s t  m ethods .  Tor example ,  a d e t a i l e d  p ro ce d u r  
i s  given f o r  t e s t i n g  c o n c r e t e  c o n t a i n i n g  a g g r e g a t e  o f  un­
c e r t a i n  q u a l i t y .  Some o b s e r v a t i o n s  w e r e : (a)  h ig h  a l k a l
cem ents  should  be  a v o id e d ;  (b) a g g r e g a t e  sh o u ld  be 
b r o u g h t  to  f i e l d  m o i s t u r e  c o n d i t i o n s  and c a r e f u l l y  con­
t r o l l e d ;  (c)  th e  maximum p a r t i c l e  s i z e  shou ld  no t  exceed
lo
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o n e - t h i r d  t h e  :ninimum spec im en  d imension  ; ( d ) a i r  c o n t e n t
shou ld  be  c a r e f u l l 3r oont r c l l e  d ; (e)  c o n c r e t e  expans io n
can be  u se d  as an i n d i c a t i o n  of  specim en d e t e r i o r a t i o n ;  
and ( f ) a l t h o u g h  f r e e z i n g - a n d  - t h a w in g  t e s t s  a r e  u s e f u l  
f o r  e v a l u a t i n g  a g g r e g a t e ,  much more must b e  known a b o u t  
t h e i r  conduc t  and i n t e r p r e t a t i o n .
S e v e r a l  l a b o r a t o r j r s t u d i e s  d u r in g  the  p e r i o d  t o
1 ? 5 7  made p a r t i c u l a r l y  s i g n i f i c a n t  c o n t r i b u t i o n s  to t h e  
problem of f r o s t  r e s i s t a n c e  of  c o n c r e t e  by  f r e e s i n g - a n d -  
t  ha wing t e s t s .  Some o f  t h e  im p o r ta n t  p o i n t s  ms de which 
a r e  ve  r t i n e n  t  t o  t h i s  p r o j e c t  a r e :  (a) ? r e e s i n g - a n d -
t  hawing t e s t s  should  be  e v a l u a t e d  i n  t e r m s  o f  t h e  m o i s t u r e  
c o n d i t i o n s  o f  the  sp ec im en  £  Sweet ( l ? k f ) J  ; (b) the  
l i m i t i n g  v a lu e  fo r  d e g re e  o f  s a t u r a t i o n  a p p e a re d  to  be 
i l l .  d e f i n e d ,  p r o b a b l y  b e c a u s e  o f  n o n -u n i fo rm  m a te r  d i s t r i ­
b u t i o n  [^Blackburn (1949)3  ; ( c ) A d e g re e  o** s a t u r a t i o n
o f  l e s s  th a n  0 .£$ i n d i e  a t e d  a hi.chip' d u r a b l e  specim en and 
t h a t  low s a t u r a t i o n s  could be c o n v e n ie n t !  y o b t a i n e d  by 
a i r  e n t r a i n r i e n t  Q f n i t e s i d e  and fv/eet  (1950)]  ; (d)
l a r g e s t  p a r t i c l e s  were  most  s u b j e c t  to  d e t e r i o r a t i o n  
[ ^ t a l k e r  and K c l a u g h l i n  ( 1 9 5 6 ) 3  •
About 1950, t h e  c o n c e p t  of u s in g  a i r  e n t r a i n m e n t  as  
a means o f  making th e  p a s t e  m a t r ix  r e s i s t a n t  to  f r o s t  
damage a p p e a r s  to  have  been f i r m l y  e s t a b l i s h e d .  I n  a d d i ­
t i o n ,  a b a s i c  t h e o r y  c f  f r o s t  a c t i o n  had been p r e s e n t e d  
bg- P o w e rs .
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Hecen t  s t u d i e s  have made s i g n i f i  c a n t  c o n t r i b u t i o n s  
o r  h e lp e d  t o  summarize e x i s t i n g  knovrle d g e . Bio err (1963) 
n o ted  th e  s i  g n i f i c a n c e  of p a r t i c l e  s i z e  to  d u r a b i l i t y  
and t h a t  d r y in g  be tw een  cu r in g  and t e s t i n g  g r e a t l y  im­
proved d u r a b i l i t y .  The improved r e s i s t a n c e  an n e a r e d  to  
be r e l a t e d  to  t h o  l o c u s  of f r e e z a b l e  w a t e r .  Drying 
a p p a r e n t l y  r m o v e d  v-;ater i r o n  the  a g g r e g a t e s  and s u b s e ­
q u e n t  soaking, r e t u r n e d  m o i s tu r e  to  t h e  n a s t e  p h ase  where 
a i r  v o id s  pr  ov ide  £ me a s u r e  of f r o s t  r e s i s t a n c e .  Committee 
301 op th e  American C o nc re te  I n s t i t u t e  p u b l i s h e d  an ex­
t e n s i v e  summary on c o n c r e t e  d u r a b i l i t y  (19 6 2 ) .  The most 
r e c e n t  t h e o r i e s  o f  Powers ,  Verbeck and I a n d y r e n ,  and 
o t h e r s  were  used  to  e v a l u a t e  c u r r e n t  t e s t  m ethods .  In  
summary, th e y  s t a t e  t h a t  " f r e e z i n g - a n d - t h a w i n g  t e s t s  p r o b a b ly  
p r o v id e  t h e  b e s t  measure  of c o n c r e t e  d u r a b i l i t y  b u t  
c u r r e n t  t e s t s  a r e  u n a b le  to  measure  d u r a b i l i t y  w i t h  t h e  
c e r t a i n t y  n e e d e d ” .
In  1955 T. C. Powers o f  t h e  P o r t l a n d  Cement- A s s o c i a ­
t i o n  s u g g e s t e d  a new method f o r  t e s t i n g  t h e  f r e e z i n g - a n d -  
th a w in r  r e s i s t a n c e  of c o n c r e t e  o r  a g g r e g a t e .  T h i s  method 
was based  p r i m a r i l y  on t h e o r e t i c a l  c o n s i d e r a t i o n s  r e l a t i n g  
to  f r o s t  r e s i s t a n c e  o f  c o n c r e t e  deve loped  over  t h e  
p e r i o d  1935-1950 .  Powers made r a t h e r  d e t a i l e d  comments 
on ore cedura  1 a s p e c t s  o f  t h e  t e s t  but did not r u b b i s h  any 
d a t a  c o n f i r m in g  i t s  a p p l i c a b i l i t y .
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Powers p r e f a c e d  h i s  p r e s e n t a t i o n  o f  a new t e s t  
r a t i o n a l e  by a c r i t i c a l  r e v i e w  of t h e  e x i s t i n g  p r o ­
c e d u r e s  f o r  f r e e z i n y - a n d - t h a w i n g  t e s t s  on c o n c r e t e s  
and n o te d  s e v e r a l  i n c o n s i s t e n c i e s  o r  ’weaknesses  i n  them. 
For example,  i n  t h e  l i g h t  o f  h y d r a u l i c  p r e s s u r e  t h e o r y  
he f e l t  t h a t  h i g h  and w id e ly  v a r i a b l e  f r e e z i n g  r a t e s  
t e n d e d  to  r i  ve a d i s t o r t e d  p i c t u r e  of r e l a t i v e  f r o s t  
r e s i s t a n c e  r a t h e r  t h a n  t h e  hoped f o r  s im p le  a c c e l e r a t i o n  
o f  n a t u r a l  p r o c e s s e s .  T ha t  i s ,  the  mechanisms by w hich  
f r o s t  damage m igh t  o c cu r  a t  n a t u r a l  c o o l in g  r a t e s ,  a p ­
p r o x i m a te l y  5 ?  ner  hour  maximum, c o u ld  n o t  be  c o r r e l a t e d  
with  t h o s e  a t  r a t e s  o f  10 t o  IOC ? p e r  h o u r ,  t h e  h ig h  
r a t e s  c a u s i n g  u n r e a l i s t i  c a l l y  h ig h  s t r e s s  c o n d i t i o n s .  
C o n s i d e r in g  t h e  g r o w t h - o f - c a p i l l a r y - i c e  t h e o r y ,  and 
n e rh a p s  th e  o sm o t ic  p r e s s u r e  t h e o r y ,  t h i s  r s ^ i d  f r e e z i n g  
could l e a d  t o  an u n d e r e s t i m a t e  of n a t u r a l  f r e e z i r w  
c o n d i t i o n s  where  r e l a t i v e l y  l o n g  p e r i o d s  a t  lew t e m p e r a ­
t u r e  a re  commonplace.
Because c o n c r e t e  has  no i n t r i n s i c ,  m easu rab le  
p r o p e r t y  of f r o s t  r e s i s t a n c e ,  and b e c a u s e  t h e  c o n t r i b u ­
t o r y  p r o p e r t i e s  a r e  numerous and d i f f i c u l t  t o  e v a l u a t e  
r u a n t i  t a t i  v e l y , Powers p ro p o se d  to  use  volume change 
c h a r a c t e r i s t i c s  o f  c o n c r e t e  u n d e r  c o n t r o l l e d  c o n d i t i o n s  
a s  th e  b a s i c  t e s t  m eth od o log y .  Specimens ^ o u ld  be  
t r e e s  r e d  and c o n d i t i o n e d  so a e to  s i m i l a t n  f i e l d  c o n d i ­
t i o n s  and t h e n  be s u b i e c t e d  t o  c o n t i n u a l  soakin'"-: o a t h
29
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s l o w - r a t e  f r e e z i n g  and p e r i o d s  a t  low t e m p e r a t u r e .  
A ccord ing  to  Pow ers ,  c o n c r e t e s  s u b j e c t  to  f r o s t  danag.e 
shou ld  r e a c h  some c r i t i c a l  s a t u r a t i o n  l e v e l ,  a f t e r  w h ich  
they would expand on f r e e z i n g .  P e r i o d i c  m easu rem en ts  
o f  d i l a t i o n  and t e m p e r a t u r e  would p e r m i t  i d e n t i f i c a t i o n  
o f  t h i s  c r i t i c a l  p o i n t  and t h e  t im e  r e o u i r e d  t o  r e a c h  i t .  
B ecause  o f  i t s  t h e o r e t i c a l  b a ckg rou n d  and i t s  p a r t i a l  
s i m u l a t i o n  o f  f i e l d  c o n d i t i o n s ,  i t  was hoped t h a t  t h e  
p ro p o se d  p r o c e d u r e  wou]ri y i e l d  d a t a  t h a t  could be i n ­
t e r p r e t e d  i n  a .m ean ing fu l  f a s h i o n .  I t  a l s o  would r e c u i r e  
o n ly  r e l a t i v e l y  s im p le  and i n e x p e n s i v e  eou ip m en t  to  
h a n d le  s i z e a b l e  t e s t  p rog ram s .
The C a l i f o r n i a  D i v i s i o n  o f  Highways ’was f i r s t  t o  r e ­
p o r t ,  i n  1961,  a p r a c t i c a l  a p p l i c a t i o n  o f  th e  Powers 
l le thod  JjTrenpen and Spe l lm an  ( 1 9 6 l ) J  . They d e v e lo p e d  
spec im en  p r e p a r a t i o n  and  c o n d i t i o n i n g  m e th o d s ,  t e s t i n g  
and measuring; t e c h n i q u e s , and  p e r f o r m a n c e  c r i t e r i a .
The method was u s e d  to  e v a l u a t e  s e v e r a l  a g g r e g a t e s  f o r  a 
m a jo r  highway c o n s t r u c t i o n  p r o j e c t .  T h i s  h ighway  a p p e a r s  
t o  have p e r fo rm ed  w e l l  s i n c e  the  t im e  o f  c o n s t r u c t i o n .
I n  th e  r e t o r t  Trempen and Spe l lm an  u s e  t h e  i d e a l i s e d  
c o o l i n g  c u r v e s  to  i l l u s t r a t e  th e  b e h a v i o r  o f  c o n c r e t e  
sp e c im en s  a s  shown i n  P ig  ’ 4  . Curve 1 r e p r e s e n t s
t h e r m a l  c o n t r a c t i o n  above th e  f r e e z i n g  p o i n t .  The mea­
s u r e d  s l o p e  i s  n o t  s t r i c t l y  p r o p o r t i o n a l  t o  t h e  t h e r m a l
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Figure 4 .  I d e a l i z e d  Cooling Curves [Tremper and Spellman
(1961 £|
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c o e f f i c i e n t  f o r  two r e a s o n s .  The f i r s t  i s  b e c a u s e  t h e  
o v e r - a l l  t h e rm a l  c o e f f i c i e n t  o f  t h e  frame s u p p o r t i n g  
t h e  specim en i s  n o t  z e r o .  The second i s  b e c a u s e  move­
ment of w a te r  w i t h i n  th  e p a s t e  and a g g r e g a t e  do es not 
have  t im e  t o  r e a c h  a c om p le te  e q u i l i b r i u m  when t h e  
t e m p e r a t u r e  i s  b e in g  low ered  c o n t i n u a l l y .  Curve 2 r e ­
p r e s e n t s  t h e  c o n t r a c t i o n  a f t e r  i c e  b e  F ins  t o  fo rm  i n  t h e  
c o n c r e t e .  I c e  c r y s t a l s  u n d e r  p r o g r e s s ' ! v e  c o o l i n g ,  t e n d  
t o  a t t r a c t  m o i s t u r e  a t  t h e  expense  o f  t h a t  i n  t h e  p a s t e ,  
c a u s in g  th e  l a t t e r  t o  s h r i n k  a t  a r a t e  g r e a t e r  t h a n  t h a t  
due t o  the rmal c o n t r a c t i o n  a l o n e .  The p o i n t  o f  i n t e r s e c ­
t i o n  o f  Curves 1 and 1 i n d i e a t e s  t h e  t e m n o r a t u r e  a t  w hich  
i c e  b e g in s  t o  form. I f  e x p e r i m e n t a l  c u rv e s  c o u ld  be 
o b t a i n e d  w i th  the p r e c i s i o n  o f  t h o s e  shown i n  T ig .  4 ,  t h e  
f r e e z i n g  p o i n t  c o u ld  be  d e te r m in e d  a c c u r a t e l y .
Curve 3 r e p r e s e n t s  the  ty p e  o f  r e s u l t  t h a t  h a s  been  
o b t a i n e d  i n  c e r t a i n  i n s t a n c e s .  I n  t h i s  c a s e ,  t h e r e  i s  
l i t t l e  or  no change i n  l e n g t h  w h i l e  t h e  specimen i s  b e i n g  
c o o le d  s e v e r a l  d e g r e e s  below? i t s  f r e e z i n g  r o i n t . "Event­
u a l l y  th e  curve re sum es  a downward s l o p e .  D i l a t i o n  has  
o c c u r r e d  as measured by t h e  d i s t a n c e ,  a ,  which i s  th e  
g r e a t e s t  d i s t a n c e  be tw een  c u rv e s  3 and 2 .  D i l a t i o n  o f  
t h i s  t y p e  i s  e x t r e m e ly  d i f f i c u l t  t o  measure  from t h e  
p l o t t e d  cu rv e s  o b t a i n e d  i n  th e  s t u d y .  The most common 
t y r e  o f  cu rve  tha t ,  i s  o b t a i n e d  in  t h e  work when t h e  
c o n c r e t e  i s  n e t  immune, i s  x r e p r e s e n t e d  b y  c u rv e  4 .
Here t h e r e  i s  an a b r u p t  e x p a n s io n  a t  t h e  f r e e z i n g  p o i n t .
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The cu rve  rounds  c u i t  e s ha r o l y  and t h e n  re sum es  a down­
ward s l o p e .  The d i s t a n c e ,  b ,  i s  e a s i l y  m easu red ;  how­
e v e r ,  i t  does n o t  r e p r e s e n t  t h e  e n t i r e  d i l a t i o n  b e ca u se  
o f  i t s  n e a r l y  h o r i z o n t a l  t r e n d  ove r  a few d e g r e e s  of 
c o o l i n g .  The d i s t a n c e ,  b^ ,  r e p r e s e n t s  t h e  c o m p le te  
d i l a t i o n  b u t  i s  d i f f i c u l t  t o  m easu re  i n  p r a c t i c e .
K a c l n n i s  (1962) a p p l i e d  the  Powers t e s t  as a r e ­
s e a r c h  t o o l  to  e v a l u a t e  t h e  f r o s t  r e s i s t a n c e  of  cement 
g r o u t  m ix t u r e s  f o r  p r e - s t r e s s e d  c o n c r e t e .  A i r  e n t r a i n -  
ment was found to  be t h e  most e f f e c t i v e  method o f  p r e ­
v e n t i n g  e x p a n s io n  and c r a c k i n g  caused  by f r e e z i n g  tem ­
p e r a t u r e s .  The i n t r o d u c t i o n  of e n t r a i n e d  a i r ,  even  a t  a 
l a v  p e r c e n t a g e  ( 5 ) i n  a rnix of  h ig h  w a te r - c e m e n t  r a t i o  
was e f f e c t i v e  i n  e l i m i n a t i n g  a l l  b u t  t r a n s i t o r y  e x p an s io n  
a t  a l l  m a t u r i t i e s  t e s t e d .  He c o n c lu d ed  t h a t  w a te r - c e m e n t  
r a t i o  i s  n e x t  i n  i m p o r t a n c e  to a i  r - e n t r a i m e n t  in  p r o v i ­
ding, f r o s t  p r o t e c t i o n  fo r  g r o u t s .  P r o v id e d  a mix c o n t a i n  
a t  l e a s t  5 'v e n t r a i n e d  a i r  a low er  w a te r - c e m e n t  r a t i o  
seemed more e f f e c t i v e  th a n  a d d i t i o n a l  a i r  i n  i n c r e a s i n g  
f r o s t  r e s i s t a n c e .  He was a l s o  a b l e  to  e s t a b l i s h  c u r in g  
p e r i o d s  which ’would g i v e  f r o s t  r e s i s t a n c e  to g r o u t s  a t  
v a r i o u s  w a t e r - c e m e n t  r a t i o s .
Besudoin  (1966) worked on P o w e r s ’ method t o  e v a l u a t e  
t h e  l i m i t i n g  w a t e r - c e m e n t  r a t i o s  f o r  f r o s t  r e s i s t a n t  
m o r t a r s .  His r e s u l t s  showed t h a t  C.5o w a te r - c e m e n t  r a t i o  
was t h e  maximum f o r  com ple te  s a t u r a t e d  m o r t a r  spec im ens  
which  were a i r - e n t  r a i n e d  b e fo re  d i l a t i o n  o c c u r r e d  . He
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a lso  conc luded  t h a t  when pronounced e x p a n s io n  o c c u r r e d ,  
i t  d id so f o r  spec im ens  90  ’ to 1 0 0  f  s a t u r a t e d ,  s u g g e s t e d  
t h a t  h y d r a u l i c  p r e s s u r e  i s  t h e  l i k e l y  mechanism c a u s in g  
e x p a n s io n .  The r e s u l t s  s u g g e s te d  90% a s  th e  l i m i t i n g  
deg ree  of s a t u r a t i o n ;  above t h i s  d e g re e  o f  s a t u r a t i o n  
i s  d a n g e r  o f  f  r o s t  damage.
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3. OUTLINE 0? EXPERIMENTAL PROGRAM
The main p u rpo se  o f  t h i s  r e s e a r c h  urogram i s  to  ev a ­
l u a t e  t h e  e f f e c t  o f  maximum a g g r e g a t e  s i z e  on t h e  f r o s t  
r e s i s t a n c e  o f  c o n c r e t e  mixes o f  v a r i o u s  w a te r - c e m e n t  
r a t i o s  and d e g r e e s  of s a t u r a t i o n  - -  where d i f f e r e n t  d e g r e e s  
o f  s a t u r a t i o n  can b e  i n t e r p r e t e d  as.- r e p r e s e n t i n g  d i f f e r e n t  
f i e l d  exposu re  c o n d i t i o n s .  For exam ple ,  h y d r a u l i c  and 
w a t e r f r o n t  s t r u c t u r e s  p r o b a b l y  have  c l o s e  t o  1 0 0  p e r c e n t  
s a t u r a t i o n  a t  t h e  w a t e r -1  i r . e , some highway pavement s l a b s  
can p r o b a b ly  have d e g r e e s  o f  s a t u r a t i o n  between 30 and 9 0 i ,  
w h i le  o r d i n a r y  exnosed s t r u c t u r e s  such as  b u i l d i n g s  o r  
p o r t i o n s  o f  b r i d g e s  p r o b a b ly  have  d e g r e e s  o f  s a t u r a t i o n  
be tween 50  and 7 0 ;t .
A summary of  the  rang e  o f  w a t e r - c e m e n t  r a t i o s ,  
maximum a g g r e g a t e  s i z e s  and d e g r e e s  o f  s a t u r a t i o n  i n c l u d e d  
i n  the  urogram i s  as  f o l l o w s :
As. t e r -C e m e n t  
R a t i  os
Maximum Agg. S iz e Degree o f  S a t u r a t i o n
0 . 6 C 3 / 4 - i n . , 3 / 3 - i n . , 
1/ 4 - i n .
1 0 0 , 9 0 , O0  and 7 0
C .55 same same
C.50 same sa me
0 .45 same same
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9 .  EQUIPMENT AND MATERIALS
(A) EQUIPMENT 
M ixing  A p p a ra tu s
A r e v o l v i n g  'drum t y p e  m ix e r  o f  2 c u .  f t .  c a p a c i t y
v;as u se d  f o r  m ix in g  a l l  c o n c r e t e  i n  t h i s  programme.
Specimen Moulds
S t a n d a r d  3" x  6 ” c y l i n d r i c a l  m oulds  w ere  u s e d .
Vacuum Tank aid Pump
The vacuum t a n k  was made o f  s t a i n l e s s  s t e e l  w i t h  a 
o n e - i n c h  t h i c k  p l e x i g l a s  l i d .  Up t o  e i g h t  3"  x 6 n c y l i n ­
d r i c a l  sp e c im e n s  co u ld  be  p l a c e d  i n  t a n k .  A vacuum pump 
o f  an u l t im a . t e  p r e s s u r e  of 1 x  ICT^'mm Kg was u s e d .  A two-  
way v a l v e  c o n n e c t i o n  was u s e d  a s  shown i n  f i g . E l  t o  e n a b le  
the  vacuum t a n k  to  be e v a c u a t e d  o f  a i r  b e f o r e  th e  i n t r o ­
d u c t i o n  o f  w a t e r  ( s e e  page 3 7  ) .
F r e e z i n g  T e s t  Equipm ent
( a ) F r e e z i n g  chamber and T e m p e r a tu r e  P o t e n t i o m e t e r  
The n e m p e ra tu re  c o n t r o l l e d ( m a n u a l ) f r e e z i n g  chamber 
u s e d  was a 5 i  c u .  f t .  c a p a c i t y  ( L a b - L i n e } model 1 6 6 ) .  
A Leeds  and N o r th r u p  t e m p e r a t u r e  p o t e n t i o m e t e r  
c a l i b r a t e d  to  r ea d  d i r e c t l y  i n  °F and ° C } was u se d  
t o  measure  t h e  t e m p e r a t u r e s  o f  b o t h  c e n t e r  and  s u r ­
f a c e  o f  t h e  c o n c r e t e  s n e c im e n .
(b } L eng th  M e asu r ing  Equipm ent
(1) T r a n s m i t t e r  MDS If? -  Maihak t r a n s m i t t e r s
• ' 36 •
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V a c u u m  T a n k  a n d  P u m p F r a m e  a n d  T r a n s m i t t e r
R e ce iver ,  Temperature P otent iom eter  
and Freez ing  Chamber
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v/e re  u s e d  to  raessur e l e n g t h  change of sp e c im en s .  
The t r a n s m i t t e r  has the  a d v a n t a g e  of o p e r a t i n g  
i n s i d e  t h e  f r e e z i n g  chamber w i t h o u t  c a u s i n g  
e r r o r s .  I t  has  n e g l i g i b l e  e f f e c t  on c o o l i n g  
t e m p e r a t u r e s .  The m easu r ing  r a n g e  i s  0 t o  10mm. 
Each s c a l e  d i v i s i o n  i n  th e  R e c e i v e r  i s  a b o u t  
2 . 3 0  x 1 0 ” ^mm. (each t r a n s m i t t e r  h a s  i t s  own 
c a l i b r a t e d  c o n s t a n t  t c  the R e c e i v e r ) ,  b u t  each 
s c a l e  can be f u r t h e r  s u b d i v i d e d  i n t o  t e n t h s .
( i i )  R e c e i v e r  MDS -  A p i c t u r e  o f  t h e  Maihak 
R e c e iv e r  i s  shown on page 37 .
( i i i )  Frame - -  The frame was d e s i g n e d  t o  s u p p o r t  
the  t r a n s m i t t e r  v e r t i c a l l y  and f i r m .  A p i c t u r e  
i s  shoxvn i n  F ig .  El . Four  o f  t h e s e  v:ere b u i l t .  
The v e r t i c a l  s u p p o r t s  of the  f ram e  were made o f  
I n v a r  b a r s  i n  an  a t t e m p t  t o  e l i m i n a t e  th e  e f f e c t s  
o f  t e m p e r a t u r e  on t h e  frame a s  t h e  t e r m a l  c o e f f i ­
c i e n t  o f  I n v a r  i s  e x t r e m e ly  s m a l l .  A com ple te  
d raw ing  o f  t h e  frame i s  shown on F i g .  E?
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D R A W I N G  ^3o. 2 
Fig. E2(a) - Detail of Guide Plate for Supporting Frame.
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Fig. E2(b) - Detail of Guide Plate for Supporting
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Fig E2 ( c)
D R A W I N G No .  3
Fig. E2 (c) Detail of Guide Plate for Supporting Frame
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Fig E2 (d)
DR A W I N G  No.  4
Fig. E2 (d) Detail of Guide Plate for Supporting Frame
43
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Lake O n t a r i o  Type I  Normal P o r t l a n d  Cement w as  u s e d .  
C oarse  Arp; r e  r a t e s
Bundas c ru sh ed  d o lo m i t e  a g g r e g a t e s  o f  t h r e e e  maximum 
s i z e s ,  3 / 4 - i n . ,  3 / 3 - i n . ,  and i / 4 - i n .  were u s e d .  The s i e v e  
a n a l y s e s  f o r  t h e s e  m a t e r i a l s  a r e  shown on t a b l e  3 
S p e c i f i c  g r a v i t y  i s  2 .o 3  and t h e  a b s o r p t i o n  by w e i g h t  i s  
1 .0 5  p e r c e n t .
Sand
P a r i s  sand  m ee t in g  t h e  A .5 .T .K .  r e o u i r e m e n t  s f o r  
c o n c r e t e  sand was employed .  T h i s  sand i s  u s e d  by  O n t a r i o  
Hydro a s  a s t a n d a r d  r e f e r e n c e  s a n d ,  and  i s  known t o  b e  
n o n - r e a c t i v e .  The g r a i n  s i z e  d i s t r i b u t i o n  fo r  t h i s  s a n d  
i s  shown i n  f i g u r e  E3 • F i n e n e s s  modulus o f  s a n d  i s  2 . 6 3 .  
A i r - E n t r a i n i n g  Agent
Barex  a i r - e n t r a i n i n g  a g e n t  was u se d  i n  a l l  m ix e s .
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T ab le 3 SIEVE ANALYSTS OF AGGREGATES
3 / 4 - in c h  A g g rega te
S ie v e ’ •e ig h t  R e ta in e d  
{grr.s}
A c cumo.il a t i  ve 
P e r c e n t a  ge 
R e ta in e  d
A ccum ula t ive  
Per  c e n ta g e  
pa s s ing
3 / 4 " 0
'j /Jj ° 10 3 4 54 .25 /. 5 .  7 t- Y  >  •  ’ X
No. 4 793 94 .30 5-70
t . r  .a o .  o 06 *-“> r - i  - - \  / -t ! •  /5 2 .05
Fan 27 100 100
T o t a l 200 C
3/ o - i n c h  A ggrega te
S ie v e 19 e i  ght ?, e ts . i  ne d 
(g n s )
Accumul a t i v e
P e r c e n t a r e
R e ta in e d
A c c u m u la t iv e
P e r c e n t a g e
P a s s in g
a
/
131 o nc; 01 oJ _L « 'w-
Mo .4 1342 76.15 oo I r_g * • _  '
1T ^ 301 91.12 ■ «  < .V ■ '<
Mo. 16 153 99 .1 r  nn
Fan 1 o
Tot a l 2000
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Sieve e i g h t  P e t a in e  d
( Oris )
Aecumuls t iv  e Accum ula t ive  
P e r c e n ta g e  F ercer . t  age 
P.e t  ai n e 1 F a n s i  nr
3/ '?" 0
No. 4 :-f 6 i *“* g*— ;-r • _? .7 •
No. S 1 FI 0 n g i o ?
N o . 16 17? O £ £ 1 o ✓ • ' — •
Fan 23 100 0
T o ta l 2000
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1 r\ r 'V T ^ 'T 'P T T . lT?^TtT’ ’ T -CO n p V ^ T T p r .  o
_i_ #  i _ i . -  I  _ i i  v i r . , j i . i  » i.L: j . .  l v  i ' „ ' j
1 0 .1  M ix  D e s ig n
A ll  c o n c r e t e  mixes were  d e s ig n e d  a c c o r d i n f  to  t h e  Ameri­
can C o n c r e t e  I n s t i t u t e  Recommended P r a c t i c e  f o r  S e l e c t i n g  
P r o p o r t i o n s  f o r  C o n c re te  (ACI 505-54)  . A l l  sp e c im en s  were
s i r - e n t r a i n e d .  A i r - e n t r a i n i n g  a g e n t  was gauged t o  p roduce  an
, /
a i r  c o n t e n t  o f  70 L 0 . 5 .  A summary o f  a l l  max p r o p o r t i o n s  
i s  shown below :
h a t  e r -
Cernent
R a t io
Cement F a c to r  
S a c k / c u . y d .
h e i g h t  
Cement :
P r o p o r t i o n s  
S a n d :C o a rse  Agg.
3 / 4 - i n 3 / 3 - i n 1 / 4 - i n 3 / 4 - i n 3 / 8 - i n 1 / 4 - i n
0 .6 0 5 .71 6 .52 6 .9 0 1 : 2 . 3 8 :
3 .5 4
1 : 2 . 5 3 :
2 .3 4
1 : 2 . 7 3 :
1 .73
0.55 6 . 2 4 7 .11 7 .5 4 1 : 2 . 5 3 :
3 .2 4
_ L  •  •  -C  J  •
2.14
1 : 2 . 4 2 :  
1 . 5 3 '
0 .50 6 .05 7 .0 2 6 .2 8 1 : 1 . 3 4 :
2 .95
1 : 1 . 9 7 :
1 .95
1 : 2 . 1 3 :
1 .45
0 .45 7 . 6 1 6 .6 3 9 .20 1 : 1 . 5 6 :
2 .6 6
1 : 1 . 6 9 :
1 .75
1 : 1 . 8 3 :
1 .3 1
1 0 .2  F a b r i c a t i o n  o f  T e s t  Specimen
For e a c h  w a te r -cem en t  r a t i o  and s p e c i f i e d  maximum 
a g g r e g a t e  s i z e  c o n c r e t e ,  2 4  spec im ens  were  c a s t  f rom t h r e e  
s i m i l a r  b a t c h e s .  A t o t a l  283 spec im ens  were  made. A t h i r d  
o f  t h e s e  wer  u sed  i n  p r e l i m i n a r y  work and t r i a l - a n d - e r r o r
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t e s t s .  The a i r  c o n t e n t  was checked  by a T echko te  v/hite  
a i r  m e te r .
Im m e d ia te ly  f o l l o w i n g  t h e  m ix in g ,  t h e  t e s t  sp e c im en s  
( 3 - i n .  i n  d i a m e t e r  and 6 - i n .  i n  h e i g h t )  were  moulded.
The c y l i n d r i c a l  molds xvere f i l l e d  v e r t i c a l l y  i n  t h r e e  
l a y e r s ,  and each l a y e r  was r o l l e d  25 t i m e s  w i t h  a b u l l e t ­
n osed  l / 2 - i n .  d i a m e t e r  m e t a l  r o d .  They w e re  t h e n  c o v e r e d  
w i t h  wet  b u r l a p s  and r em a in e d  i n  the  molds f o r  24 h o u r s  
be i  ore rern ova 1 .
A f t e r  24 h o u r s  i n  m o ld s ,  a l l  sp e c im en s  were w e t -  
c u red  :r. a w a t e r  t a n k  f o r  14 d a y s .  Then t h e y  were a i r -
O ~  r\ ?d r i e d  \ v J l a b o r a t o r y  a t  70 4 2 ° ?  and 50 C-5 p e r c e n t  r e l a ­
t i v e  h u m id i ty  f o r  a t  l e a s t  14 d a y s  and t h e n  vacuum s a t u r a t e d  
o r  p a r t i a l l y  s a t u r a t e d  as  d e s c r i b e d  l a t e r  i n  t h e  c a p e r .
During th e  d r y i n g  p e r i o d ,  a l / 2 - i n .  s q u a r e  s t a i n l e s s  s t e e l  
p l a t e  was g l u e d  o n to  th e  t o p  s u r f a c e  o f  t h e  sp e c im e n .  (The 
p l a t e  was a v a i l a b l e  f o r  t h e  t r a n s m i t t e r  p i n  t o  s i t  on i t  i n  
d e te rm in in g ,  l e n g t h  c h a n g e s ) .  A l / 4 - i n .  d i a m e t e r  'by 1/2-in. 
deep  h o l e  was d r i l l e d  a t  t h e  b o t to m  o f  t h e  sp e c im e n .
10 .3  C o n d i t i o n i n g  o f 'S p e c im e n s  t o  A p p r o p r i a t e  Degree
A f t e r  c o n s i d e r a b l e  p r e l i m i n a r y  i n v e s t i g a t i o n ,  i t  was 
d e c i d e d  t h a t  the  m o is tu r e  c o n d i t i o n  of  a spec im en  c ou ld  be  
d e s c r i b e d  b e s t  in  t e r m s  o f  t h e  amount of  w a t e r  i n  t h e  
specimen e v a p o r a b l e  a t  230° F,  r e l a t i v e  t o  th e  amount o f
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w a t e r  t h a t  the  specimen could c o n t a i n  when s a t u r a t e d  i n  
vacuum fo r  24 h o u r s  and t h e n  immmersed i n  w a te r  f o r  60 
d a y s .  T h is  e v a l u a t i o n  o f  m o i s t u r e  c o n d i t i o n  i s  te rm ed  
" p e r c e n t a g e  of s a t u r a t i o n  and. was d e te rm in e d  i n  t h e  
f o l lo w in g  way.
For eac h  w s t e r - c e n e n t  r a t i o  and  s p e c i f i e d  s i z e  a g g r e ­
g a t e  c o n c r e t e ,  f o u r  t r i a l  sp e c im en s  were s a t u r a t e d  in  a 
vacuum t a n k  f o r  24 h o u r s ,  "heigh ts  (T.7j_) a t  s t a g e s  o f  1 
h o u r ,  2 h o u r s ,  3 h o u r s ,  5 h o u r s ,  10 h o u r s  and 24 h o u r s  
d u r i n g  t h i s  p e r io d  were d e t e r m i n e d .  T w e n ty - fo u r  hours  
l a t e r  vacuum was r e l e a s e d .  They w ere  t h e n  immersed i n
w a te r  f o r  60 d a y s ,  h e i g h t s  (V.y) a t  s t a g e s  o f  1 day,  3
d a y s ,  7 day s ,  14 d a y s ,  21 d a y s ,  23 days  and 60 days du r in g  
t h i s  p e r i o d  were d e t e r m i n e d .  A f t e r  60 days  t h e  spec im ens  
were h e a t e d  in  an oven a t  230° F f o r  a p e r i o d  o f  24 h o u rs  
and weighed a g a i n .
IIov l e t  ho he t h e  o v e n - d r y  w e i g h t ,  ¥ s be the  f i n a l  
w e ig h t  a t  60 days  i n  w a te r  a f t e r  24 h our  vacuum s a t u r a t i o n .  
T7 s -h 0 i s  equa l  t o  t h e  t o t a l  amount o f  w a te r  c o n t a i n e d  i n  
t h e  sp ec im en .  Let  hp be the  w e igh t  o f  spec im en  a t  a n y  
s t a g e  from i t s  a i r - d r y  c o n d i t i o n  to  i t s  f i n a l  60 days  o f
w a t e r  soaked p e r i o d .  P e r c e n t a g e  o f  s a t u r a t i o n  i s  e q u a l
t o
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V alues  of  d e g r e e  o f  s a t u r a t i o n  and t ime r e o u i r e d  
a r e  t h e n  e n t e r e d  i n  a c h a r t  f o r  e a c h  vra te r-cement  r a t i o  
and s p e c i f i e d  s i z e  a g g r e g a t e  c o n c r e t e .  (Table  4 to  8)
An a p p rox im a te  d e g r e e  ox s a t u r a t i o n  can be o b t a i n e d  
from th e  c h a r t  when a d e s i r e d  v a l u e  i s  r e o u i r e d  f o r  a c t u a l  
t e s t i n g  o f  s i m i l a r  sp e c im e n s .  The r e q u i r e d  t im e  f o r  
s a t u r a t i o n  i s  d e t e r m i n e d  and t h e  specimen s a r e  t h e n  con­
d i t i o n e d  u n t i l  t h e  r e o u i r e d  t im e  i s  r e a c h e d .  A f t e r  the  
spec im en s  have b e e n  t e s t e d  i n  t h e  f r e e z e r  t h e y  a r e  p la c e d  
i n  w a t e r  fo r  th e  r e m a i n d e r  o f  t h e  6 0 -d ay  p e r i o d ,  a t  t h e  
end o f  which  p e r i o d  they" a r e  w e ig h ed ,  oven d r i e d  and r e ­
w e ig h ed .  The e x a c t  d e g r e e  o f  s a t u r a t i o n  f o r  each specim en 
d u r i n g  t e s t  can t h e n  b e  computed u s i n g  t h e  above f o r m u la .
At the  age  of 60 d a y s ,  a l l  spec im ens  were v e ry  r e l u c ­
t a n t  to  g a in  any w a t e r .  Cf c o u r s e ,  i f  t h e y  w e r e  k e p t  i n  
w a t e r  f o r  a n o t h e r  6 months o r  more ,  t h ey  would p ro b a b ly  
have g a in e d  an a d d i t i o n a l  s m a l l  amount o f  w a te r  but  t h a t  
would n o t  change t h e i r  d e g r e e  o f  s a t u r a t i o n  more t h a n  2 
or  3 p e r c e n t .  T h e r e f o r e ,  60 days s o a k i n g  was a r b i t r a r i l y , "  
t a k e n  f o r  t h i s  p r o j e c t  a s  r e p r e s e n t i n g  c l o s e  t o  100(3 
s a t u r a t i o n .
1 0 . 4  T e s t  P rocedure
A f t e r  th e  spec im ens  had been condit ioned  t o  t h e  
d e s i r e d  d e g re e  o f  s a t u r a t i o n ,  t h e y  w ere  wiped and 
weighed (17i ) .  They w e re  t h e n  s e a l e d  i n  p o l y e t h y l e n e  bags
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE A . ESTIMATING DEGREE OF SATURATION
W/C * 0.50 to 0.45 Specimen Size . 3" x 6" cylinder 
Agg = 1/4 in. Wet Cured for 14 days
Conditioning Time Required Degree of Saturation 
%
Air Dried 15 to 30 days 52 to 62
1 hr. 60 to 70
Specimens
3 hr. 70 to 73
Soaked in
9 hr. 74 to 76
Vacuum Tank
15 hr. 76 to 78
24 hr. 79 to 82
1 day 87 to 91
7 days 93 to 95
Specimens
14 days 96 tt 0.5
Soaked in
28 days 97 ifc 0.5
Water
60 days 100
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TABLE . 5 .  ESTM ATING DEGREE OF SATURATION
W/C e 0.60 to 0.55 Specimen Size = 3" x 6 " cylinder 
Agg m 1/4 in. Wet Cured for 14 days
Conditioning Time Required Degree of Saturation
Air Dried 14 to 70 days 35 to 44
1 /4 hr. 46 to 52
1 hr. 52 to 57
Specimens
3 hr. 58 to 62
Soaked in
9 hr. 63 to 66
Vacuum Tank
15 hr. 67 to 69
24 hr. 70 ±  3
1 day 85 -ii 2
7 days 91 ±  2
Specimens
14 days 95 =t 1
Soaked in
21 days 96 ±  1
Water
28 days 98 ±  0.5
60 days 100
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TABLE A. ESTIMATING DEGREE OF SATURATION
W/C = 0.50 to 0.45 Specimen Size = 3" x 6" cylinder 
Agg = 3 /8  in. Wet Cured for 14 days
Conditioning Time Required Degree of Saturation
%
Air Dried 14 to 30 days 44 to 52
1/4 hr. 55 to 60
1 hr. 60 to 64
Specimens
3 hr. 65 to 70
soaked in
9 hr. 71 to 74
Vacuum Tank
15 hr. 75 to 79
24 hr. SO ±. 3
1 day 88 ±  2
7 days 91 ±' 2
Specimens
14 days 94 *  1
soaked in
21 days 96 ±  0.5
Water
28 days 97 ±  0.5
60 days 100
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TABLE . 7 .  ESTIMATING DEGREE OF SATURATION
For: W/'C = 0.50 to 0.45 Specimen Size = 3" x 6 ” cylinder 
Agg _ 3/4 in. Wet Cured for 14 days 
W/C - °*60 to 0.55 
Agg m 3/0 in.
Conditioning Time Required Degree of Saturationrd%
Air Dried 15 to 70 days 32 to 42
1/4 hr. 50 to 56
1 hr. 53 to 57
Specimens
3 hr. 55 to 50
Soaked in
9 hr. 59 to 61
Vacuum Tank
15 hr. 62 to 65
24 hr. 66 to 70
1 day 82 to 86
7 days 90 to 93
Specimens
14 days 95 ±> 1
Soaked in
21 days 96 db 1
Water
28 days 97 fe 0.5
60 days 100
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TABLE . ? .  ESTIMATING DEGREE OF SATURATION
W/C = 0.60 to 0.55 Specimen Size = 3» x  6" cylinder 
Agg - 3/4 in. Wet cured for 14 days
Conditioning Time Required Degree of Saturation 
%
Air Dried 15 to 70 days 3 2 - 4 2
1/4 hr. 50 to 58
1 hr. 55 to 61
Specimens
3 hr. 62 to 65
soaked in
9 hr. 68 to 70
Vacuum Tank
15 hr. 70 to 73
24 hr. 74 to 78
1 day 37 to 90
7 days 90 to 91
Specimens
14 days 95 ±  1
soaked in
21 days 97 ifc 1
Water
28 days 98 db 1
60 days 100
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t o  m in im ize  d r y i n g  d u r i n g  f r e e z i n g  ancl were p l a c e d  on end 
i n  the m e a su r in g  f ram es  i n  the  f r e e z e r .
S in c e  a l l  sp ec im en s  i n  t h e  f r e e z e r  coo led  a t  t h e  same 
r a t e  a dummy spec im en  w i t h  a th e rm o c o u p le  a t  t h e  c e n t e r  and 
s u r f a c e  was used  f o r  t e m p e r a t u r e  m easurem ent .  The a v e r a g e  
o f  t h e s e  two t e m p e r a t u r e s  vras r e c o r d e d  a s  the  t e m p e r a t u r e  
o f  the  t e s t  sp e c im e n s .
The i n i t i a l  t e m p e r a t u r e  o f  t h e  sp ec im en s  was 70° 7 £  2 
and i t  was r e d u c e d  to  ab o u t  40° 7 d u r i n g  th e  o v e r n i g h t  
p e r i o d .  No len g th -ch a n g e  m easurem ents  were  t a k e n  du r in g  
t h i s  p e r i o d .  The p u rp o se  h e r e  was t o  o b t a i n  t e m p e r a t u r e  
e q u i l i b r i u m  i n  t h e  sp e c im e n s .  At 40° F ,  an i n i t i a l  l e n g t h -  
change r e a d i n g  was t a k e n  and t h e  t e m p e r a t u r e  o f  t h e  sp e c im ens  
was lo w e re d  a t  t h e  r a t e  o f  5° 7 C 0 .5  p e r  h ou r  u n t i l  the
spec im ens  were a t  0o P. R ead in gs  'were r e c o r d e d  h o u r l y  f rom  
40° 7 t o  0° 7.
The spec im ens  were  removed f rom  th e  f r e e z e r  a t  0° 7 .
V/ith p o ly e th y le n e  bags  removed,  t h e  spec im ens  were ’weighed 
( $ i ) .  Normally  t h e r e  was o n l y  a n e g l i g i b l e  d i f f e r e n c e  i n  
weight  b e f o r e  and a f t e r  t h e  sp e c im en s  were t e s t e d  i n  the  
f r e e z e r .  In  t h o s e  c a se s  where  t h e  d i f f e r e n c e  was g r e a t e r  
t h a n  0 .0 0 1  l b . ,  t h e  a v e r a g e  v a lu e  would be  u s e d .
Im m ediately fo i lo v . lng  w e ig h in g , t h e  s pecirnens were 
k e p t  i n  w a t e r  f o r  th e  r e m a in i n g  s o a k i n g  p e r i o d .  At the  
end o f  the  peri od (60 daj s^ ) ,  t h e y  were weighed (!',TS ) and 
th e n  h e a t e d  i n  an oven a t  230° 7 f o r  24 h o u r s  and weighed 
a g a i n  (h'c) . The a c t u a l  d e g re e  of  s a t u r a t i o n  a t  t h e  t im e  
o f  t e s t i n g  i n  th e  f r e e z e r  was t h e n  computed.
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11. DISCUSSICHS OF RESULTS
A com ple te  summary o f  r e s u l t s  i s  p r e s e n t e d  from 
F i g .  5 t o  23 .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  th e  r e s u l t s  
c o r r e l a t e  r e a s o n a b l y  w e l l  w i t h  t h e  t h e o r i e s  o r e v i e u s l y  
d i s c u s s e d ,  i . e . ,  e f f e c t s  o f  maximum s i z e  o f  a g g r e g a t e ,  
w a te r -c e m e n t  r a t i o  and d eg ree  of  s a t u r a t i o n .
1 1 .1  E f f e c t  o f  Maximum S iz e  o f  A ggrega te
The e f f e c t  of  maximum s i z e  of a g g re g a t e  i s  shown 
d r a m a t i c a l l y  i n  F i g .  5 t o  S. I n  Fig.  5 e . g . ,  i t  can be 
seen  t h a t  a t  a w/ c r a t i o  o f  0 .4 5  and 100 /  s a t u r a t i o n  on ly  
the  mixes c o n t a i n i n g  3 /4  i n .  maximum s i z e  a g g r e g a t e  ex ­
h i b i t e d  ex p an s io n  in  t h e  f r e e z i n g  t e s t .  I n  F i g .  6, a t  a 
w a te r - c e m e n t  r a t i o  o f  0 .5 0  (and 1 0 0 /  s a t u r a t i o n )  t h e  3 /4  
i n .  a g g r e g a t e  mix e x h i b i t e d  very  pronounced e x p a n s io n ,  
t h e  3 /$  a g g r e g a t e  mix showed a m inor  amount o f  e x p an s io n  
w h i le  th e  1 /4  i n .  a g g r e g a t e  mix showed no e x p a n s i o n .  I n  
F i g .  7 ,  a t  a w a te r -ce m en t  r a t i o  o f  0 .55  (and 1 0 0 /  s a t u r a ­
t i o n )  bo th  the  3 /4  i n .  and 3 /8  i n .  a g g r e g a t e  mixes show 
pronounced e x p a n s io n  w h i l e  th e  1 /4  i n .  a g g r e g a t e  mix 
showed no e x p a n s io n .  In  F ig .  3 a t  a w a te r -cem en t  r a t i o  of 
0 . 6 0  (and 1001 s a t u r a t i o n )  a l l  t h r e e  mixes show s i g n i f i c a n t  
e x p a n s io n .
From th e  f o r e g o i n g  i t  can be  seen  t h a t  the  f r o s t  
r e s i s t a n c e  o f  c o n c r e t e  i s  s i g n i f i c a n t l y  i n f l u e n c e d  by the  
maximum s i z e  o f  a g g r e g a t e .  The e x p e r im e n ta l  r e s u l t s
5 /
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showed th a t  th e  c o n c r e te  specim ens h a v in g  s m a l le r  maximum 
s i z e  a g g r eg a te  had h ig h e r  f r o s t  r e s i s t a n c e .  T h is  suggests 
t h a t  the l a r g e r  ag g reg a te  p a r t i c l e s  produced h igh er  
i n t e r n a l  h y d r a u l ic  p r e s su r e s  when th e y  w ere p a r t i a l l y  or 
c o m p le te ly  s a tu r a t e d .  The i n t e r n a l  s t r e s s e s  were presum­
a b ly  the r e s u l t  o f  e x p e l l e d  w ater  fo r c e d  i n t o  the  surrounding  
, p a s te  during f r e e z i n g .  The la r g e r  a g g r e g a te  p a r t i c l e s  
w ith  lo n g e r  e x p u ls io n  d is ta n c e  produced h ig h er  s t r e s s e s  
than th a t  o f  th e  sm aller  p a r t i c l e s  w ith  s h o r t e r  e x p u ls io n  
d i s t a n c e s .
1 1 .2  E f f e c t  o f  Water-Cement R atio
The e f f e c t  o f  water-cem ent r a t i o  on f r o s t  r e s i s t a n c e  
w i l l  have been n o te d  in  F ig u re s  5 t o  S a lr e a d y  d i s c u s s e d ,  
but i s  a lso  shown in  F ig u re s  9 t o  1 1 .  In F igu re  9 , i t  can 
be seen  t h a t  w ith  th e  1 /4  i n .  maximum a g g r e g a te  s i z e  mix 
and 100$ s a t u r a t io n  o n ly  the mix o f  0 .6 0  w ater-cem ent  
r a t i o  showed any ex p a n s io n . In F igu re  10 , i t  c a n ,be seen  
th a t  th e  3 /3  i n .  maximum s i z e  a g g r eg a te  m ixes ( a t  100$  
s a t u r a t io n )  e x h ib i t e d  no expansion  a t  w ater-cem ent r a t i o  
o f  0 .4 5 ,  a s l i g h t  expansion  fo r  th e  0 .5 0  w ater-cem en t  
r a t i o  and in c r e a s i n g  expansions for  the h ig h e r  w a te r -  
cement r a t i o s .  S im i la r ly  in  F igure 11 , i t  can be seen  
t h a t  w ith  t h e  3 /4  i n .  maximum s i z e  a g g r e g a te  m ixes and
100$ s a t u r a t io n  a l l  m ixes, o f  0 .6 0 ,  0 . 5 5 ,  0 .5 0  and 0 .4 5  
water-cem ent r a t i o s  e x h ib i t e d  pronounced e x p a n s io n s .
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I t  i s  seen  t h a t  the f r o s t  r e s i s t a n c e  o f  c o n c r e t e  
was h ig h e r  the lo w e r  th e  w a te r -cem en t  r a t i o .  The low 
w a te r -cem en t  p a s t e  n o t  o n ly  l i m i t e d  t h e  i n g r e s s  of  w a te r  
(low p e r m e a b i l i t y )  bu t  a l s o  l i m i t e d  the c a p i l l a r y  volume 
p rod u ced .  Iven  when ICO'd s a t u r a t e d  t h e  c a p i l l a r i e s  could 
o n ly  h o ld  a r e l a t i v e  s m a l l e r  volume of w a t e r .  T h e r e f o r e ,  
cement p a s t e s  o f  low w a ter -cem ent  r a t i o  ’were more r e s i s ­
t a n t  t o  the b u i l d - u p  o f  h y d r a u l i c  p r e s s u r e s  and: the  
growth o f  c a p i l l a r y  i c e  s im p ly  b e ca u se  t h e r e  were fewer  
c a p i l l a r i e s  i n  t h e  p a s t e s .
11*3 E f f e c t  o f  Degree o f  S a t u r a t i o n
The e f f e c t  of deg ree  of  s a t u r a t i o n  i s  shown from 
F i g .  12 t o  23.  For t h o s e  c o n c r e t e  specimens e x h i b i t i n g  
e x p a n s io n s ,  e x p a n s io n s  i n c r e a s e d  w i th  i n c r e a s i n g  d e g r e e  
o f  s a t u r a t i o n .  A t y p i c a l  example i s  shown on F i g .  15.
1 / i th  w a te r -cem en t  r a t i o  o f  0 .6 0  and having  l / o - i n .  maximum 
s i z e  a g g r e g a t e , no ex p an s ion  e x h i b i t e d  a t  75*5w d e g re e  o f  
s a t u r a t i o n .  At Cp.Aw s a t u r a t i o n  t h e  c c n c r e t  shewed a 
minor amount of  e x p a n s io n .  At 92 .66  s a t u r a t i o n  e x p an s io n s  
were i n c r e a s e d  and a t  IOC.5 s a t u r a t i o n  t h e  c o n c r e t e  showed 
p r o n 0 unced expan .s ions .
T h e o r e t i c a l l y  no e x p ans io n  should  e x h i b i t  i f  the de­
g ree  o'F s a t u r a t i o n  i s  below pH;.  However, many o f  trie 
c o n c r e t e  specim ens d id  show e x p a n s io n s  even though  th e y  
we r e  p r o t e c t e d  by a i r - e n t r a i n r r . e n t . An example i s  shown
67
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on F i g u r e  19. b i t h  v / a t e r - cemetffit r a t i o  o i  0 .6 0  and h a r i n g  
S i c - i n .  maximum s i z e  a g g r e g a t e ,  t h e  mix e x h i b i t e d  exnan -
s i . cns  a ti- he: o' 3£r.iir a u  on o r  e ve: 1 ('VOT' , he  exoans  x or
cou ld  be a c c o u n te d  f o r  by a n o n -u n i fo rm  d i s t r i b u t i o n  of  
w a t e r  i n  the  c o n c r e t e  spec im en s ,  i . e ,  c e r t a i n  r e g i o n s  o f  
th e  srigcimens m i r h t  be more t h a n  91 b s a t u r a t e d  w h i le  t h e  
a v e r a g e  s a t u r a t i o n  was below t h i s  v a l u e .
I n  summary i t  can  be  seen t h a t  t h e r e  i s  no one 
l i m i t i n g :  w a te r -cem en t  r a t i o  f o r  c o n c r e t e  t h a t  w i l l  a s s u r e  
no e x p a n s io n s  during;  a f r e e z i n g  c y c l e ,  b e c a u se  d e g r e e  o f  
s a t u r a t i o n  and t h e  maximum s i z e  of a g g r e g a t e  a r e  p a r a m e t e r s  
t h a t  a l s o  influenc.c- f r e s t  r e s i s t a n c e .
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12. CONCLUSIONS
1 .  The f o l lo w in g  a i r - e n t r a i n e d  c o n c r e t e s  have been 
proved  t o  be h i g h l y  f r o s t - r e s i s t a n t :
(a )  C o n c r e t e s  w i t h  a w a te r - c e m e n t  r a t i o  o f  
0 .55  o r  l e s s  and hav ing  l / 4 - i n .  maximum 
s i z e  a g g r e g a t e .
(b) C o n c r e t e s  w i t h  a w a te r - c e m e n t  r a t i o  o f
0 .45  or l e s s  a n d  h a v in g  3 / S - i n .  maximum 
s i z e  a g g r e g a t e .
2 .  The l a r g e r  the  maximum s i z e  of  a g g r e g a t e  used  the  
g r e a t e r  i s  t h e  s u s c e p t i b i l i t y  o f  t h e  c o n c r e t e  t o  f r o s t  
a c t i o n .  That  I s  to  s a y ,  t h e  m agn i tude  o f  h y d r a u l i c  
p r e s s u r e s  d e v e lo p ed  i s  s i g n i f i c a n t l y  i n f l u e n c e d  by  t h e  
s i z e  o f  the  a g g r e g a t e  n a r t i c l e s .
3 .  I t  i s  h a rd  to  a s s e s s  a s i n g l e  v a lu e  o f  c r i t i c a l  d e g r e e  
o f  s a t u r a t i o n  f o r  a l l  c o n c r e t e  sp e c im en s .  I t  i s  s e e n  t h a t  
c r i t i c a l  d e g r e e  of s a t u r a t i o n  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  
w a te r - c e m e n t  r a t i o .
4 .  Expans ion  i s  an i n d i c a t i o n  o f  m o is tu r e  c o n d i t i o n  a t  
which c o n c r e t e s  a r e  s u s c e p t i b l e  to  f r ee z in g  damage. The 
p e r i o d  o f  imm ers ion  a f t e r  24 h o u r s  in  a vacuum t a n k  r e ­
q u i r e d  to p ro d u c e  m e a su ra b le  ex p an s io n  i s  a s i g n i f i c a n t  
measure  of  t h e  r e s i s t a n c e  o f  c o n c r e t e  t o  f r e e z i n g  and 
t h a  wing.
f l
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5. I t  h a s  been d e m o n s t r a t e d  t h a t  t h i s  method of t e s t i n g  
c o u ld  be c o n v e n i e n t l y  u se d  f o r  t h e  r o u t i n e  e v a l u a t i o n  o f  
c o n c r e t e  d u r a b i l i t y  and f o r  r e s e a r c h  o u r p o s e s .
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1 3 .  !SCCIi:SNn/; ! IG NS FOR FURTHER VvORK
1.  Dry a g g r e g a t e s  were  used  t h r o u g h o u t  t h i s  p r o j e c t .  
However, Pov/ers n o t e d  t h e  s i g n i f i c a n c e  o f  u s in g  w e t  
a g g r e g a t e s  i n  o r d e r  to  sirn.ule.te t h e  m o i s t u r e  c o n d i t i o n  
of  a g g r e g a t e s  some t i n e s  used i n  f i e l d  p r a c t i c e .  He 
s u g g e s t e d  t h a t  a g g r e g a t e s  s h o u ld  be w a t e r - s o a k e d  f o r  a 
p e r i o d  of  2L h o u rs  p r i o r  to  n i x i n g .  I t  i s  recommended 
t h e r e f o r e ,  t h a t  f u r t h e r  s t u d i e s  should  be c a r r i e d  out  
u s i n g  s a tu r a t e d ,  a g g r e g a t e s ,
2. The p r e s e n t  urogram  o f  s t u d i e s  was c a r r i e d  o u t  u s i n g  
one so u rc e  o f  c o a r s e  a g g r e g a t e .  O th e r  c o a r s e  a g g r e g a t e s ,  
hav ing  d i f f e r e n t  p o r o s i t i e s  and a b s o r p t i o n s ,  may w e l l  
p roduce  e x p a n s io n s  a t  d i f f e r e n t  d e g r e e s  o f  s a t u r a t i o n  
and d i f f e r e n t  w a te r - c e r r e n t  r a t i o s ,  and d i f f e r e n t  maximum 
s i z e s .  I t  would be i n t e r e s t i n g  t h e r e f o r e  t o  check  a 
v a r i e t y  cf  a g g r e g a t e s  i n  c o n c r e t e  mixes u s i n g  t h i s  t e s t i n g  
t e c h n i q u e .
3 .  The p r e s e n t  urogram o f  s t u d i e s  was c o n d u c ted  u s i n g  
one a i r - v o i d  sy s te m ,  i . e . ,  a  nominal  a i r  c o n t e n t  o f  7't 
u s i n g  a s p e c i f i c  AEA. F u r t h e r  s t u d i e s  shou ld  b e  c a r r i e d  
o u t  t o  a s s e s s  t h e  e x t e n t  to which o t h e r  a i r - v o i d  sv s tem s
( i . e . ,  d i f f e r e n t  AEA and d i f f e r e n t  t o t a l  a i r  c o n t e n t s )
might  a f f e c t  t h e  -p ic tu re  o f  f r o s t  r e s i s t a n c e  f o r  a g iv en  
c o a r s e  a g g r e g a t e .
S3
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W / C  =    ______ Cu r i ng  Time = _   ____  D o t e  : _ u_
Agg. = — U l i l U*  Air D r i e d  = 28 . d ^ _____
Air = -3% _________    !________________________

























272.50 272.70 272.80 272.90 273.20 273.70 274.10 274.60 274.90
(AL)IO3 0 -4.58 -6.86 -9.15 -16.01 -27.45 -36.60 -48.10 -57.20
(AL/|_)I05 0 -3.22 -4.83 -6.44 -IL .28 -19.31 -25.80 -_33.80 -40.20
3 262.60
260.60 260.80 261.00 261.30 261.40 261.70 262.20 262.60 262.80
(AL)IO3 0 -4.62 -9.23 -16.18 -18.50 -25.40 -37.00 -46.20 -51.50
(AL/l )|0 5 0 -3.25 -6 .50 -11.39 -13.02 -17.88 -26.00 -32.50 -36.20
SPEC. Partially Sat.Wtd ) Vacuum Sat. Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 ) -  ( 3 ) %Sat. ~[1]jL
2 3.545 lb. 3.625 lb. 3.325 lb. 0.300 lb. 0.220 lb. 73.4
3 3.626 lb. 3.626,1b. 3.341 lb. 0.285 lb. 0.213 lb. 74.5
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8 x l 0 2 ( 2 )  2.31 x l0 2-~2p
( I ) 2.29xIO2 -^2-----  (3) 2.19x10-SUJ
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Curing Time = _  _ _ _ _ _  
Air Dried =  2Q_£iaya_
D 0 1 6 ! —L _  y























204.80 204.90 205.10 205.40 205.70 205.90 206.10 206.40 206.70
(AL)IO3 0 -3 .19 -6 .56 -13.15 -19.70 -24 .10 -28 .50 -35.00 -41.60
( ^ io5 0 -1 .5 4 - 4.62 -9 .27 -13 .38 -17.00 -20 .10 -24.60 -29.30
2 244^90
244.90 245.00 245.40 246.00 246.20 246.40 246.80 247.00 247.30
(AL)IO3 0 -2 .3 1 -11.55 -25.40 - 30.00 -34.65 -43 .30 -48.50 -55.50
(AL/l )|0 5 0 -1 .63 - 8.13 -17.39 -21 .10 -24 .40 -30 .80 -34 .10 -39.10
----------- (AL)IO3
(al/l)I05
SPEC. Partially Sat.WtO ) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 ) -  ( 3 ) * * » •
1 3.536 lb . 3.601 lb . 3.300 lb . 0.301 lb . 0.236 lb . 73.5
2 3.571 lb . 3.630 lb . 3.344 lb . 0.286 lb . 0.227 lb . 79.5
NOTE: Transmitter Calibration Constants: (0) 2 . 3 8 xlO~2
( i , 2 .2 9  xIO2
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W / C  = Qj45________  Cu r i n g  Time =  14-dajzs D a t e  : <2^-1267
Agg.  = : ____  Air D r i e d  =  30^ ajrs
Air = J J % ._________ _______________________________________________________________________________________________





















235.50 235.75 235.90 236.25 236.40 236.70 237.00 237.20
(AL)IO3 0 -5.77 -9.24 -17.33 -20.80 -27.75 -34.65 -39.25
( ^ / lJio5 0 -4.O6 -6.51 -12.21 -14.65 -19.53 —24.40 -27.65
2 _246/70
246.70 246.90 247.20 247.50 247.80 248.10 243.40 248.70
(AL)IO3 0 -4.76 -11.90 -19.03 -26.20 -33.30 -40.40 -47.60
(ALyL)|o5 0 -3.35 -8.38 -13.40 -18.44 -23.44 -23.45 -33.50
3 202.80
202.80 203.00 203.30 203.60 203.90 204.10 204.40 204.70
(AL)IO3 0 -4.38 -10.95 -17.52 -24.10 -23.50 -35.20 -41.60
(AL/l)I05 0 -3.08 -7.72 -12.32 -16.97 -20.05 -24.30 -29.25.
SPEC. Partially Sat.Wtd ) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) ( 1 ) -  ( 3 ) %Sat. - n2
1 3-569 lb. 3.595 lb. 3.311 lb. 0.234 lb. 0.258 lb. 90 .8
2 3.593 lb. 3.623 lb. 3.342 lb. 0.281 lb. 0.256 lb. 91.2
3 3.594 lb. 3.623 lb. 3.326 lb. 0.299 lb. 0.271 lb. 90.6
NOTE! Transmitter Calibration Constants: (0) 2 .3 8  x IQ2 (2 )  2.31 x102*jjUj
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W / C  = _____  C u r i ng  Time = D a t e :
Agg.  =  1A   Air D r i e d  =—22. days. —
Air s _ J g  -  _____________________________________________________________________________________________
T E M P E R A T U R E S  ° F
SPEC. Init.Rdg. SurfaceCentre
37















-1 .0  
n K
0 319.20
319.20 319.30 319.40 319.50 319.60 319.70 319.90 320.00 320.10
(AL)IO3 0 -2 .29 -4 .5 8 -6 .87 -9.16 -11.45 - 1 6 .0 -18.32 -20 .6
(ALyL)io5 0 - 1 .6 1 -3 .2 -4 .83 -6 .4 4 -8 .07 -11 .23 -12 .9 -14.5
---------- (AL)IO3





SPEC. Partially Sat.W U l) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 )  - ( 3 ) « M . 44] -
0 3.575 lb . 3.575 lb . 3.201 lb . 0.274 lb. 0.000 lb . 100.0
NOTE! Transmitter Calibration Constants: (0) 2 .3 8 x l0 ~ 2 " (2 )  2.31 x ld 2- ~ |y













W / C  = _ “ 'Z :______  C u r i n g  Time Dot  e _
Agg.  =  iZ4  Air D r i e d  = J~2_diiys____
Air = ----------  ---------------------------------------------------------------------------------------------------------------------------------------------
T E M P E R A T U R E S  ° F
SPEC. Init.Rdg. SurfaceCentre





















294.40 294.60 294.85 294-85 294.80 295.00 295.10 295.20 295.20
(AL)IO3 0 -4.58 -10.3 -10.3 -9.16 -13.7 -16.0 -18.3 -20.6
( ^ l O 5 0 -3.23 -7.25 -7.25 -6.45 -9.65 -11.3 -12.9 -14.5
2 302.5a
302.50 302.70 303.00 303.00 303.40 303.80 304.10 304.20 304.40
(AL)IO3 0 -4.3 8 -10.9 . -10.9 -19.7 -28.4 -35.0 -37.2 -41.6
(AL/l )|0 5 0 -3.08 -7.68 -7.68 -13.9 -20.0 -24.6 -26.2 -29.3
----------- (AL)IO3
(AL/l)I05
SPEC. Partially Sat.WtO ) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) ( 1 ) -  ( 3 ) %sat. -{£ rM
1 3.606 lb. 3.606 lb. 3.339 lb. 0.269 lb. 0.000 100.0
2 3.600 lb. 3.600 lb. 3.327 lb. 0.273 lb. 0.000 100.0
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8 x l 0 2 (2 )  2.31 x l0 2~jSp
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Curing Time = 
Air Dried =
. iik Jlays _
30 days
D ate  : June— k , 19a7























296.90 297.30 297.60 298.00 298.15 298.50 298.90 299.40 299.70
(AL)IO3 0 -9.55 -16.71 -26.30 -29.9 -38.20 -47.70 -59.75 -66.90
I ^ / lJio5 0 -6.73 -11.77 -18.52 -21.01 -26.90 -33.60 -40.50 -47.10
3 215^80
215.80 216.10 216.30 216.60 216.70 217.10 217.50 218.00 218.30
(AL)IO3 0 -6.57 -10.95 -17.50 -19.70 -28.45 -37.20 -48.20 -54.70
(AL/l)|0 5 0 -3.93 -7.72 -12.32 -13.87 -20.00 -26.20 -33.90 -38.50
----------- (AL)IO3
(AL/l)I05
SPEC. Partially Sat.WKI) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) ( 1 ) -  ( 3 ) %Sat. -f-2
1 3.456 lb. 3.548 lb. 3 . 238 lb. 0.310 lb. 0.218 lb. 70.3
3 3.540 lb. 3.642 lb. 3.314 lb. 0.328 lb. 0.226 lb. 69.0
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8 x IQ2 u^ ff" (2 )  2.31 x l0 2~ j j -
( I ) 2 . 2 9 xio '2 ------  ( 3 )  2 . I 9 x I02 - 2 U L
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W / C  = _________  Cu r i ng  Time = _  D a t e :
Agg.  =  l A - i n ,  Air D r i e d  = ___ 12_dajC3—






















l^ / i j io 5
2 241.00
245.00 245.30 245.50 245.80 246.10 246.20 246.70 247.00 247.40
(AL)IO3 0 -6.56 -10.94 -17.50 -24.10 -26.30 -37.20 -43.80 -52.50
(al/ l)I05 0 -4.61 -7.70 -12.31 -16.97 -18.50 -26.20 -30.80 -37.00
3 301.40
301.40 301.80 302.20 302.30 302.60 302.70 303.60 304.00 304.40
(AL)K)3 0 -9.55 -19.12 -21.50 -28.70 -35.80 -43.00 -52.50 -62.00
(AL/L)I05 0 -6.72 -13.48 -15.12 -20.20 -25.20 -30.30 -37.00 -43.60
SPEC. Partially Sat.WUl ) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) ( 1 ) -  ( 3 ) **>*■
O 3.613 lb. 3.672 lb. 3.367 lb. 0.309 lb. 0.250 lb. 81.1
3 3.565 lb. 3.631 lb. 3.331 lb. 0.300 lb. 0.234 lb. 78.1
NOTE! Transmitter Calibration Constants: (0) 2 .3 8  x IQ2 (2 }  2.31 x l0 2-{“ jy
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W / C = _  _ _ _ _  _  Curing T i m e = _____ Z  _ Dot e  : - L ' Z L
Agg. =  i A ______  Air Dried = _____ 2J_ d2£§.
Air = -------q.%-----------  -------------------------------- ----------------------------------------------------

























349.60 349.30 350.10 350.50 350.90 351.20 351.60 352.10 352.30
(AL)IO3 0 -4.76 -11.9 -21.4 -31.0
■—i
■coI -47.6 -59.5 -64.3
(AL/l)|0 5 0 -3.35 -8.38 -15.0 -21.0 -26.8 -33.5 -41.9 -45.2
3 279.10
279.10 279.40 279.80 279.70 280.00 280.10 280.30 280.70 281.10
(AL)IO3 0 -6.94 -16.2 -13.9 -20.8 -23.1 -27.7 -37.0 -46.2
(al/l)I05 0 -4.9 -11.4 -9.8 -14.7 -16.3 -19.5 -26.0 -32.9
SPEC. Partially Sat.Wtd ) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 ) -  ( 3 ) %Sa' fz te flL
2 3.620 lb. 3.643 lb. 3.349 lb. 0.294 lb. 0.271 lb. 92.1
3 3.606 lb. 3.633 lb. 3.333 lb. 0.300 lb. 0.273 lb. 91.1
NOTE! Transmitter Calibration Constants: (0) 2 .3 8 x  I0’2 - — ( 2)  2.31 xIO2-—^
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W / C  =  P±£P  C u r i n g  Time =  14. da.%2. _  D a t e :  -Jul^r -4 , -196?.
Agg.  = ________ 1 /4-_  Air D r i e d  = _  11 __
A ir  = _______ 1%____ _______________________________________________________________________________________________________
T E M P E R A T U R E S  ° F
SPEC. Init.Rdg. SurfaceCentre
3 9 .5  
















(a l /l )I0 S
1 2 7 8 .9 0
2 7 8 .9 0 2 7 9 .1 0 279 .40 2 7 9 .9 0 2 7 9 .8 0 2 8 0 .1 0 280 .25 2 80 .80
(AL)IO3 0 -4 .6 2 -1 1 .5 4 -2 3 .1 0 -2 0 .8 0 -2 7 .7 5 -3 1 .2 0 -4 3 .8 0
(Al / l_)I05 0 - 3 .2 6 - 8 .1 4 -1 6 .2 7 -1 4 .6 3 -1 9 .5 4 -2 1 .9 5 -3 0 .8 6
2 2 0 0 .0 0
2 0 0 .0 0 2 00 .10 200.30 2 0 0 .7 0 2 0 0 .8 0 2 0 1 .1 0 2 01 .25 2 0 1 .8 0
(AL)IO3 0 - 2 .3 8 - 7 .1 4 -1 6 .6 7 -1 9 .0 4 -2 5 .2 0 -2 9 .8 0 -4 2 .8 0
(AL/l )|0 5 0 -1 .6 8 -5 .0 3 -1 1 .7 1 -1 3 .4 0 -1 7 .7 2 -2 1 .0 0 - 30 .10
3 221 .10
2 2 1 .1 0 2 2 1 .3 0 2 2 1 .5 0 2 2 2 .0 0 2 2 2 .2 0 2 2 2 .5 0 222 .80 2 2 3 .2 0
(AL)IO3 0 - 4 .3 8 -8 .7 5 -1 9 .7 0 - 24 .10 -3 0 .6 5 -3 7 .2 0 -4 6 .0 0
(AL/l )|0 5 0 - 3 .0 8 - 6 .1 6 -1 4 .8 6 -1 6 .9 7 - 21.60 - 26.20 -3 2 .4 0




1 3 .5 1 8  l b . 3 .5 1 8  l b . 3 .2 2 2  l b . 0 .2 9 6  l b . 0 .0 0 0 1 0 0 .0
2 3 .6 5 1  l b . 3 .6 5 1  l b . 3 .3 5 5  l b . 0 .2 9 6  l b . 0 .0 0 0 1 0 0 .0
3 3 .6 2 3  l b . 3 .6 2 3  l b . 3 .3 1 6  l b . 0 .3 0 7  l b . 0 .0 0 0 1 0 0 .0
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8 x l 0 ~ 2 ( 2 )  2.31 xIO2— ^


























W / C  = _  ___ C u r i n g  Time = ________________________________________ D a t e  : _<Iiuns_6*_1267
Agg.  =  Air D r i e d  = ____^Z_c^ 7 § _
A ir  =  TjL   ________________________________________________________________________________________________________
T E M P E R A T U R E S  ° F
SPEC. Init.Rdg. SurfaceCentre


















0 .0  
. 1 . 0 ,
----------- (AL)IO3
(AL/L)I05
]_ 2 3 7 .0 0
2 3 7 .0 0 2 3 7 .2 0 237 .5 0 237 .6 0 237 .7 0 238 .10 23 3 .5 0 238 .8 0 239 .10 2 3 9 .3 0
(AL)IO3 0 -4 .7 6 -1 1 .9 0 -1 4 .2 9 -1 6 .6 7 -2 6 .2 0 -3 5 .7 0 -4 2 .8 0 -5 0 .0 0 -5 7 .2 0




2 1 1 .5 0 211 .7 0 2 1 2 .0 0 2 1 2 .1 0 2 1 2 .3 0 212.60 213 .0 0 2 1 3 .3 0 2 1 3 .7 0 2 1 4 .0 0
(AL)IO3 0 -4 .3 8 -1 0 .9 5 -1 3 .1 3 -1 7 .5 2 -2 4 .1 0 -3 2 .8 0 -3 9 .4 0 -4 8 .2 0 -5 4 .3 0
(al/l)I05 0 -3 .0 8 - 7 .7 1 -9 .2 5 -1 2 .3 5 -1 6 .9 7 -2 3 .1 0 -2 7 .7 5 -3 3 .9 5 -3 8 .6 0
SPEC. Partially Sat.WU 1) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) ( 1 ) -  ( 3 ) %S0t. r f f
1 3 .4 7 3  l b . 3 .5 5 5  lb . 3 .2 5 8  lb . 0 .2 9 7  l b . 0 .2 2 0  l b . 7 4 .1
3 3 .4 3 0  l b . 3 .5 3 1  l b . 3 .1 9 5  l b . 0 .3 3 6  lb . 0 .2 3 5  l b . 7 2 .5
NOTE! Transmitter Calibration Constants: (0) 2 .38xlO~2 ( 2 )  2.31 x l 0 2*j-~p

















































w / c  = _________
Agg. = _ l A . I n . ___
A ir  = _________
C u r i n g  Time = __________
Air D r i e d  = 5 6 j i4 } £ _____
Date  L.




















2 2 9 .9 0 2 3 0 .1 0 2 3 0 .5 0 2 3 0 .4 0 2 3 0 .5 0 2 30 .30 231 .00 231.50 231 .80
1 2 2 9 .9 0 (AL)I03 0 -4 .3 S -1 3 .1 3 -1 0 .9 5 -1 3 .1 3 -1 9 .7 0 -2 4 .1 0 -3 5 .0 0 -4 1 .6 0
(^/JIO5 0 -3 .0 8 -9 .2 5 - 1 . 1 2 - 9 .2 5 -1 3 .3 8 -1 6 .9 3 - 24.60 -2 9 .3 0
2 31 .20 2 3 1 .5 0 2 3 2 .0 0 232 .20 2 8 2 .2 0 282 .50 282 . -30 2 8 3 .2 0 28 3 .6 0
4 2 3 1 .2 0 (AL)I03 0 - 7 .1 4 -1 9 .0 5 -2 3 .3 0 -2 3 .3 0 -3 0 .9 5 -3 3 .1 0 -5 0 .0 0 -5 7 .1 0
(ALyL)|05 0 -5 .0 2 -1 3 .4 0 -1 6 .8 5 -1 6 .7 5 -2 1 .3 0 -2 6 .3 0 - 35.20 -4 0 .1 0
2 6 4 .5 0 2 6 4 .3 0 2 6 5 .1 0 265 .20 2 2 6 5 .1 0 2 6 5 .3 0 2 6 5 .6 0 2 6 6 .1 0 266.40
4A 264 .50 (AL)IO3 0 -6 .9 2 -1 3 .8 5 -1 6 .1 5 -1 3 .8 5 -1 3 .4 5 -2 5 .4 0 -3 6 .9 5 -4 3 .9 0





C .l'3 SPEC. Partially Sat.WtO ) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) ( 1 ) -  ( 3 ) %Sat. - El]2
1 3 .5 5 1  lb . 3 .6 1 5  lb . 3 .2 9 5  l b . 0 .3 2 0  l b . 0 .2 5 6  l b . 8 0 .0
4 3 .5 2 0  l b . 3 .6 9 4  l b . 3 .3 3 0  l b . 0 .3 1 4  l b . 0 .2 4 0  l b . 7 6 .5
4A 3 .5 7 0  l b . 3 .6 3 5  l b . 3 .3 1 9  l b . 0 .3 1 6  l b . 0 .2 5 1  l b . 79 .5
................  -li
CD h " ” ^  
Q .
$  tad
i :^  h*-3ioE £33-*■ Wa-H-D 1“S'< 
CD
(/)(/)
NOTE! Transmitter Calibration Constants (0) 2 .3 8 x 1 0




(2 ) 2 .3 I* |6 2-Ej^















W / C  = _  _ < 2 ____  Cu r i ng  Time = _  D a t e : JLuoa 2 Q ,_ 1 9 & 7
Agg. =  Air Dried
Air = ._____1 1 ____  _____________________________




















267.00 267.20 267.50 267.70 268.00 268.00 268;50 268.90 269.00
4 267.00 (AL)IO3 0 -4.38 -10.95 -15.31 -21.90 -21.90 -32.85 -41.60 -43.80
(AL/|_>I05 0 -3.08 -7.71 -10.79 -15.35 -15.35 -23.10 -29.30 -30.80
261.60 261.80 262.10 262.20 262.50 262.90 263.30 263.70 263.80
4A 261.60 (AL)IO3 Q -4.76 -11.90 -14.28 -21.60 -30.95 -40.50 -50.00 -52.40
(^/LJIO5 0 -3.35 -8.38 -10.01 -15.20 -21.30 -28.50 -35.20 -36.90
246.00 246.20 246.50 246.90 247.00 247.30 247.80 248.00 248.10
kB 246.00 (AL)IO3 0 -4.62 -11.54 -20.80 -23.10 -30.00 -41.60 -46.20 -48.50
(al/l )io5 0 -3.25 -8.13 -14.65 -16.28 -21.10 -29.30 -32.50 -34.10
(AL)IO3
(AL/L)I05
SPEC. Partially Sat.WK 1) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 )  - ( 3 ) %Sat. - f £
L 3.6l6 lb. 3.661 lb. 3.341 lb. 0.320 lb. 0.275 lb. 86.0
kA 3.641 lb. 3.637 lb. 3.365 lb. 0.322 lb. 0.276 lb. 85.7
4B 3.612 lb. 3.659 lb. 3.338 lb. 0.321 lb. 0.274 lb. 85.8
NOTE: Tr ans mi t t e r  Cal ibrat ion C onstants: (0 )  2 , 3 8  x IQ2 ( 2 ) 2 .31 xIO2 -jjUj











Ol Xi  * 3 9 N V  HO H 1 9 N 3 1













W /C  = ______ Curing Time = .J-4jiajrs. _  D ote  : J u i y J u  -1562
Agg. = - J - l k .   Air Dried = _lZ_d_ays„ _
Air =  7^ 2_____ _ __  ______________________________________________________________________________________________






















267.90 268.00 268.20 268.60 268.90 269.20 269.50 269.80
(AL)IO3 0 -2.31 -6.93 -16.16 -23.10 -28.75 -34.65 -41.60
l^ / i j i o 5 0 -1.63 -4.98 -11.38 -16.27 -20.15 -24.40 -29.30
3A 253.80
253.80 254.00 254.40 254.70 255.00 255.30 255.60 255.90
(AL)IO3 0 -4.76 -14.29 -21.60 -28.60 -35.70 -42.90 -50.00
(al/ l )I05 0 -3.35 -10.05 -15.20 -20.10 -25.10 -30.20 -35.20
3 25?.80
259.80 260.00 260.20 260.30 260.50 261.00 261.20 261.50
(AL)IO3 0 ... -4.38 -8.75 -10.95 -15.32 -26.30 -30.60 -37.20
(A4_)105 0 -3.09 -6.18 -7.72 -10.80 -18.50 -21.55 -26.20
SPEC. Partially Sat .WKl) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  - ( 3 ) (1 )  - ( 3 ) %Sat.
0
1 3.533 lb. 3.553 lb. 3.252 lb. 0.301 lb. 0.000 100.0-
3A 3.524 lb. 3.524 lb. 3.208 lb. 0.316 lb. 0.000 100.0
3 3.531 lb. 3.531 lb. 3.220 lb. 0.311 lb. 0.000 100.0
NOTE. Transmitter Calibration Constants: (0) 2 . 3 8 x 1 0  2 ( 2 )  2.31 x l 0 2-SUy












W /C  = Curing Time = H_da2?  Date  : J t a t  21,-1962
Agg. = _  _ l /4_____  Air Dried = 38_dags____
Air =  T&  ______________________________________________________________________________________________
T E M 3 E R A T U R E S ° F
















283.90 284.00 284.80 283.90 284.00 284.30 284.50 284.60 284.80
3A 283.90 (AL)IO3 0 -2.29 -2.29 0 -2.29 -9.15 -13.7 -16.0 -2.06
(^-/l)io5 0 -1.61 -1.61 0 -1.61 -6.44 -9.65 -11.3 -14.5
260.70 261.00 261.20 261.40 261.20 261.40 261.80 262.30 262.60
2 260.70 (AL)IO3 0 -6.93 -11.5 -16.2 -11.5 -16.2 -25.4 -37.0 -44.0
(AlvL)|0 5 0 -4.88 -8.1 -11.4 -8.1 -11.4 -17.9 -26.0 -31.0
248.90 249.10 249.30 249.40 249.70 250.00 250.30 250.60 250.80
3 (AL)IO3 0 -4.38 -8.76 -11.0 -17.5 -24.0 -30.6 -37.2 -41.6
(AL/l )105 0 -3.08 -6.16 -7.75 -12.3 -16.9 -21.6 -26.2 -29.3




3A 3.510 lb. 3.610 lb. 3.207 lb. 0.403 lb. 0.303 lb. 75.2
2 3.448 lb. 3.531 lb. 3.160 lb. 0.371 lb. 0.288 lb. 77.6
3 3.424 lb. 3.527 lb. 3.137 lb. 0.390 lb. 0.287 lb. 73.7
NOTE! Transmitter Calibration Constants: (0) 2 .38xlO~2 ( 2 )  2.31 x l 0 2- ~ j j












0.60 14 days June 1, 196?
W /C  = ___________  Curing Time = ------    D a t e : ---------------------
Agg. =   Air Dried = _ 3J* _
Air = _ Z £ _ _ -  ____________________________________________ _

























247.90 248.00 248.30 248.70 248.40 248.30 247.80 247.50 247.80 248.00
(AL)IO3 0 -2.31 -9.2$ -18.48 -11.54 -9.25 2.31 9.25 2.31 -2.31
( ^ / lNo5 0 -1.63 -6.52 -13.01 -8.14 -6.52 1.63 6.52 1.63 -1.63
2A 227.90
227.90 228.10 228.30 228.00 228.30 227.00 226.90 226.30 226.10 226.50
(AL)IO3 0 -4.38 -8.75 -2.19 -8.75 19.70 21.90 35.05 39.40 30.65
(al/L)I05 0 -3.09 -6.17 -1.54 -6.17 13.88 15.41 24.70 27.75 21.60
3 239/? 0_
239.90 240.00 240.20 239180 239.70 239.80 239.90 239.90 240.00 240.00
(AL)IO3 0 -2.29 -6.87 2.29 4.58 2.29 0 0 -2.29 -2.29
(AL/l )|0 5 0 -1.61 -4.84 1.61 3.22 1.61 0 0 -1.61 -1.61
SPEC. Partially Sat.Wtd ) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 )  - ( 3 ) %Sat.
2 3.495 lb. 3.521 lb. 3.133 lb. 0.388 lb. 0.362 lb. 93.3
2A 3.540 lb. 3.566 lb. 3.193 lb. 0.373 lb. 0.347 lb. 93.0
3 3.470 lb. 3.503 lb. 3.116 lb. 0.387 lb. 0.354 lb. 91.5
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8 * l 0 2— rp— ( 2 )  2.31 x l 0 2~j jy
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W /C  = _  ILr^O.  Cu r i ng  Time =  Jir_da^s„ D a t e : _____ M§2T .22 *_J-967
Agg.  = ____ 1/A____  Air D r i e d  =  4P_daxs__
Air = ____ ____________________________________________________________________________________________ __________________






















287.00 287.10 287.3C 287.70 287.90 287.50 288.00 288.30 288.50
2A 287.00 (AL)IO3 0 -2.31 -6.94 -16.20 -20.8 -11.55 -23.1 -30.0 -34.6
(^/lJio5 0 -1.63 -4.88 -11.40 -14.65 -12.30 -16.25 -21.1 -24.4
187.00 187.10 187.30 187.50 187.30 187.10 187.60 187.70 188.00
2 187.00 (AL)IO3 0 -2.19 -6.57 -11.95 -6.57 -2.19 -13.15 -15.33 -21.9
(AlvL)|0 5 0 -1.54 -4.62 -8.42 -4.62 -1.54 -9.26 -10.80 -15.41
259.20 259.40 259.50 259.60 259.10 259.15 259.10 259.50 259.80
3 .252, 2Q
(AL)IO3 0 -4.58 -6,86 -9.15 2.29 3.43 2.29 -6.86 -11.72
(AL/l)I05 0 -3.23 -4.83 -6.45 1.61 2.42 1.61 -4.85 -9.66




2A 3.479 lb. 3.533 lb. 3.170 lb. 0.363 lb. 0.309 lb. 85.2
2 3.488 lb. 3.541 lb. 3.170 lb. 0.371 lb. 0.318 lb. 85.7
3 3.430 lb. 3.492 lb. 3.100 lb. 0.390 lb. 0.330 lb. 84.2
NOTE! Tr ans mi t t e r  Cal i brat i on C on stants: ( 0 )  2 . 3 8 x  I 0 2 ~ j ^ — ( 2 )  2.31 xIQ2
































4 H 1  0  N 3 1













w / c  = _________
Agg. = J L Z k „ ___
_ . 14 daysCuring Time = _______ .___
Air Dried .11 d^ys _
D a t e : J u l y  3 ,  1 9 6 7























259.30 259.50 259.80 259.80 259.30 258.30 257.40 256.80 256.90
(AL)IO3 0 -4.62 -11.55 -11.55 0 23.10 43.80 57.70 55.40
l^/jio5 0 -3.25 -8.13 -8.13 0 16.28 30.90 40.60 39.00
2 242^30
242.30 242.50 242.90 243.00 243.00 241.60 240.90 240.40 240.90
(AL)IO3 0 -4.76 -14.28 -16.66 -16.66 16.66 33.30 45.30 33.30
(AL/l )I05 0 -3.35 -10.06 -11.72 -11.72 11.72 23.45 31.90 23.45
1A 197_j40_
197.40 197.60 197.85 197.70 197.00 196.80 196.50 196.40 196.80
(AL)IO3 0 -4.38 -9.85 -6.56 8.76 13.13 19.70 19.70 13.13
(AL/l)I05 0 -3.08 -6.94 -4.62 6.16 9.25 13.87 13.87 9.25
SPEC. Partially Sat.WtO ) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 )  -  ( 3 ) %Sat. - 1]2
1 3.511 lb. 3.511 lb. 3.150 lb. 0.361 lb. 0.000 100.0
2 3.490 lb. 3.490 lb. 3.165 lb. 0.325 lb. 0.000 100.0
1A 3.529 lb. 3.529 lb. 3.162 lb. 0.367 lb. 0.000 100.0
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8  xlO~2 u~ .y
( , ) 2 -2 9 *'0’2 3 “
(2 ) 2-31 xIO2^STT"































-01 XI ‘ 3 9 N V H D  H 1 9 N 3 1

















_ . 14 daysCuring Time = ----------- i -----
Air Dried
Date  : June 5, 1967






















239.40 239.60 240.00 240.00 240.10 240.30 240.60 241.00 241.40
(AL)IO3 0 -4.38 -13.15 -13.15 -15.32 -19.70 -26.30 -35.10 -43.8




295.40 295.60 296.00 296.10 296.20 296.70 297.10 297.50 297.90
(AL)IO3 0 -4.76 -14.88 -17.35 -19.83 -32.20 -42.10 -52.05 -62.00
(AL/jJIO5 0 -3.36 -9.54 -12.20 -14.00 -22.60 -29.60 -36.70 -43.60
SPEC. Partially Sc Vacuum Sat.Wt(E) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) ( I )  -  ( 3 ) %Sat
3.673 lb. 3.759 lb. 3.462 lb. 0.297 lb. 0 .211 71.1
3.695 lb. 3.695 lb. 3.392 lb. 0.305 lb. 0.210 lb. 69.O
NOTE! Tr ans mi t t e r  Cal ibrat ion C onstants ( 0 )  2 . 3 8 x l 0 2 - ^ | f
( I ) 2 . 2 9 x 1 0
;2 mm
unit
( 2 )  2.31 x l 0 2 *jjpj5p-
- 2
( 3 )  2 . 1 9 x 1 0
91














W /C  = ___________
A qq. -  __
Air = ____ 1%______
„ 14 days
Curing Time = ____________
Air Dried = J?^days____
D a t e : _ June 3, 1967





















































































SPEC. Partially Sat.Wtt 1) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 )  - ( 3 ) II - ( 3 )% SO) . 2 - « L
1A 3.673 lb. 3.750 lb. 3.460 lb. 0.290 lb. 0.218 lb. 75.2
1 3.705 lb. 3.775 lb. 3.A88 lb. 0.287 lb. 0.217 1b. 7S.8
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8 x lO2 - —*^ — ( 2 )  2.31 x l 6 2~ j y

















































‘ 3 9 N V H 0  H 1 9 N 3 1












W / C  = ______  C u r i n g  Time =  D a t e  : _M ay_17^_I267
Agg.  =  3j£>_______  Air D r i e d  = _  _
Air = _ ^ L _______ _______________________________________________________________________________________________


























238.00 288.20 288.30 288.40 283.50 238.70 288.80 289.00 289.20
(AL)IO3 0 -4 .58 -6.87 -9.15 -11.5 - 16.0 -18.3 -22.9 -27.5
(AlyL)|0 5 0 -3.22 —4 .84 -6 .44 -8 .10 -11.3 -12.9 -16.1 -19 .4
2A 2Hi?0_
214.90 215.15 215.30 215.50 215.10 215.60 215.90 216.20 216.50
(AL)IO3 0 -5 .48 -8.76 -13 .1 -4 .37 -15 .3 -21.9 -28.5 -35 .0
(al/l)I05 0 -3.36 -6.17 -9 .24 -3 .08 -1 0 .3 -15 .4 -20 .0 -24.6
SPEC. Partially Sat.WKl) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 ) -  ( 3 ) %Sat. - j j - i d
0
1
2 3.702 lb. 3.729 lb. 3.448 lb. 0.231 lb. 0.254 lb. 90.5
2A 3.712 lb. 3.739 lb. 3.455 lb. 0.284 lb. 0.257 lb. 90.5
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8 xIQ2 jj"™ ( 2 )  2.31 x l 0 2-{jUj
( I ) 2 . 2 9 xIO2 *7777^ -------  ( 3 )  2 .1 9 x l 6 2 -?M&
s * 0 I X l  43 0 N V H 0  H 1 9 N 3  1
with permission of the copyright ow n er  F„nh0














W /C  =  0.^-5_____  C u r i n g  Time D a t e  : J j  JL96/.
Agg.  =  _______  Air D r i e d  =  3 0 _days_





















252.50 252.60 253.00 253.10 253.10 253.40 253.30 254.10
(AL)IO3 0 -2.31 -11.53 -13.85 -13.85 -20.80 -30.00 -37.00
0 -1.63 -8.14 -9.75 -9.75 -14.65 -21:10 -26.05
2A 257.70
257.70 257.80 258.20 258.00 258.50 258.90 259.20 259.40
(AL)IO3 0 -2.38 -11.90 -7.14 -19.05 -28.60 -35.70 -40.50
(AL/ L)I05 0 -1.68 -8.38 -5.03 -13.40 -20.15 -25.10 -23.45
3 242J?0_
242.90 243.00 243.30 243.10 243.50 243.70 244.00 244.30
(AL)IO3 0 -2.19 -8.75 -4.38 -13.13 -17.51 -24.10 -30.70
(AL/l)I05 0 -1.54 -6.16 -3.08 -9.25 -12.33 -16.97 -21.60




1 3.741 lb. 3.741 lb. 3.473 lb. 0.263 lb. 0.000 100.0
2A 3.731 lb. 3.731 lb. 3.459 lb. 0.272 lb. 0.000 100.0
3 3.662 lb. 3.662 lb. 3.389 lb. 0.273 lb. 0.000 100.0
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8 x  l 0 2- “ j ~  ( 2 )  2.31 xIO2—
( I ) 2 . 2 9 xIO2 -------  ( 3 )  2 . 1 9 x IO2 J U S .
°  2 
g-OI XI * 39  N VHD H 1 9 N 3  1














0 .50  
W /C  = ________
Agg. = - 2 / A . ^ h
a  i f  =
-  . 14 daysCuring Time = ____________ June 5, 1967
Air Dried _5_2. days._























277.50 277.60 277.90 278.20 273.40 273.30 279.10 279.30 279.60
(AL)IO3 0 -2.31 -9.23 -16.20 -20.80 -30.00 -37.00 -41.60 -48.50




321.30 221.50 221.80 221.80 222.80 222.30 222.50 222.90 223.20
(AL)IO3 0 -4.53 -11.45 -11.45 -16.02 -22.90 -27.50 -36.60 -43.50
(AL/jjlQS 0 -3.23 -3.06 -8.06 -11.29 -16.10 -19.40 -25.30 -30.60
SPEC. Partially Sat .Wtt l) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) ( 1 )  -  ( 3 ) ’‘ sot. - { M U
1 3.645 lb. 3.720 lb. 3.410 lb. 0.310 lb. 0.235 lb. 75.8
3 3.577 lb. 3.672 lb. 3.318 lb. 0.354 lb. 0.259 lb. 73.3
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8  xlO~2
( I ) 2 .2 9  xlQ2 S -
( 2 )  2.31 XIO2
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„ . H  daysCuring Time = ____________
Air Dried = J2_days___
D a t e : _June 14, 1967





















216.70 216.90 217.20 217.50 216.80 217.50 217.90 218.40 218.60
(AL)IO3 0 -4.33 -10.93 -17.58 -2.19 -17.53 -26.30 -37.20 -41.60
(al/l)I05 0 -3.08 -7.74 -12.38 -1.54 -12.38 -18.51 -26.20 -29.30
1 294^80
294.30 294.90 299.20 295.50 295.60 295.80 296.20 296.70 296.80
(AL)IO3 0 -2.38 -9.52 -16.66 -19.05 -23.80 -33.35 -45.20 -47.60
^ / L)\05 0 -1.68 -6.70 -11.72 -13.41 -16.76 -23.45 -31.85 -33.55
2 2&U90
261.90 262.10 262.30 262.40 262.00 262.50 262.30 263.00 263.10
(AL)IO3 0 -4 .62 -9.24 -11.55 -2.31 -13.86 -20.80 -25.40 -27.70
(AiyL)|0 5 0 -3.26 -6.51 -3.15 -1.63 -9.75 -14.65 -17.90 -19.50
----------- (AL)IO3
(AL/l)I05
SPEC. Partially Sat.Wtd ) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 )  - ( 3 ) [31%Sat. 3)
1A 3.650 lb. 3.721 lb. 3.335 lb. 0.336 lb. 0.265 lb. 73.9
1 3.671 lb. 3.733 lb. 3.391 lb. 0.342 lb. 0.280 lb. 81.9
2 3.481 lb. 3.561 lb. 3.138 lb. 0.373 lb. 0.293 lb. 78.6
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8 x  IO’2- — j-r— ( 2 )  2.31 xIO2 mmunit ' unit
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W / C  = _____  C u r i n g  Time =  14  d a y s  _  D a t e :  _24j_1967
Agg.  =  1 l3 _______  Air D r i e d  = _  42 Any®. _
Air =  2L   ______________________________________________________________________________________________






















313.90 314.10 314.30 314.30 314.30 314.20 314.20 314.50 314.30 315.10
1 313.90 (AL)IO3 0 -4.58 -9.15 -9.15 -9.15 -6.86 -6.86 -13.7 -20.6 -27.5
(ALyL)ios 0 -3.23 -6.45 -6.45 -6.45 -4.33 -4.83 -9.65 -14.5 -19.4
289.00 289.20 289.60 289.80 290.00 290.10 290.20 290.50 290.85 291.10
1A 289.00 (AL)IO3 0 -4.76 -14.3 -19.0 -23.8 -26.2 -28.6 -35.7 -44.0 -50.0
(^-/jio5 0 -3.35 -10.1 -13.4 -16.7 -18.4 -20.1 -25.1 -31.0 -35.2
304.90 305.10 305.50 305.90 305.80 305.60 305.80 305.80 306.00 306.20
2 304*90 (AL)IO3 0 -4.62 -13.85 -23.1 -20.8 -16.2 -20.8 -20.8 -25.4 -80.0
(AL/l)|0 5
0 -3.26 -9.75 -16.3 -14.6 -11.4 -14.6 -14.6 -17.9 -21.1
272.80 273.00 273.30 273.20 273.50 273.40 273.50 273.70 273.90 274.00
3 272.80 (AL)IO3 0 -4.33 -10.95 -8.76 -15.3 -13.1 -15.3 -19.7 -24.1 -26.3
(AL/l)I05 0 -3.08 -7.72 -6.17 -10.8 -9.22 -10.3 . -13.9 -17.0 -18.5
SPEC. Partially Sat .WUl) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 ) -  ( 3 ) %Sot. - 2 I - M
1 3.662 lb. 3.700 lb. 3.374 lb. 0.326 lb. 0.288 lb. 88.4
1A 3.660 lb. 3.695 lb. 3.371 lb. 0.324 lb. 0.289 lb. 89.3
2 3.519 lb. 3.560 lb. 3.193 lb. 0.367 lb. 0.326 lb. 88.3
3 3.638 lb. 3.679 lb. 3.311 lb. 0.368 lb. 0.327 lb. 38.9
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8  xlO~2 J j f ™  ( 2 )  2.31 x l 0 2-^Uy
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W / C  =  9 i 5 p   Cu r i ng  Time =  l^ .d a .£3 _  D a t e  : -JUD®—29.4_.1267
3 /8  a - n • -i 15 daysAgg. = ____ :?/_____  Air Dried = ____________
Air =  2 Z   _______________________________________________________________________________________________














7 .8  






295.60 295.80 296.20 296.40 295.90 295.50 295.70 295.90
(AL)103 0 -4 .76 -14 .28 -19 .04 -7 .15 2.38 -2 .3 8 -7.15
l^ /JIO 5 0 -3 .35 - 10.06 -1 3 .4 1 -5 .03 1.68 -1 .6 8 -5 .03
2A 2 & L 3 Q .
269.90 270.10 270.40 270.50 270.00 269.60 270.10 270.40
(AL)IO3 0 -4 .6 2  ... -11.52 -13 .85 -2 .3 1 6.93 -4 .6 2 -11.82
(AL/L)I05 0 -3.25 -8 .1 2 -9 .75 -1 .63 4.81 -3 .25 -8 .1 2
----------- (AL)IO3
(A4_)105
SPEC. Partially Sat.Wt( 1) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 ) -  ( 3 ) %S0t. -
2 3.499 lb . 3.499 lb . 3.182 lb . 0.317 lb . 0.000 100.0
2A 3.516 lb . 3.516 lb . 3.202 lb . 0.314 lb . 0.000 100.0
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8 xio"2 (2 )  2.31 x l6 2—U j
( I )  2 . 2 9 XIO2 77— -------  ( 3 ) 2 .,9 x , o 2 -J!U a
g_OI XI  *3 9N VH 0 H 1 9 N 3 1












W / C  = _  _____ Cu r i ng  Time   D a t e :
Agg.  = ____ Air D r i e d  = _ 6j0_da3r3_ __

























246.20 246.40 246.70 247.10 247.40 248.00 248.20 248.50 248.70 249.00
(AL)IO3 0 -4.76 -11.90 -21.45 -28.55 -42 .80 -47 .60 -54 .70 -59.50 - 66 .60
(^-/jio5 0 -3 .35 -8 .39 -15 .10 -20 .10 - 30.20 -33 .50 -38 .50 -41.90 -46 .90
2 .190.10
198.10 198.30 198.50 198.80 199.00 199.30 199.70 199.90 200.00 200.30
(AL)IO3 0 -4 .3 8 -8.75 -15 .31 -19.70 -26 .30 -35 .00 -39.40 -Zl1 .6 o -48 .20
(ALyL)|0 5 0 -3 .0 8 -6 .16 -10 .80 -13 .88 -18 .51 -24.65 -27.75 - 29.25 -33.90
----------- (AL)K>3
(AL/l )|0 5
SPEC. Partially Sat.Wtt 1) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 ) -  ( 3 ) %Sat. - 2 I J 3 I
1 3.445 lb . 3 .620  lb . 3.212 lb . 0.408 lb . 0.233 lb . 57.1
2 3.461 lb . 3.632 3.b, 3.325 lb . 0.407 lb . 0.236 lb . 57 .8
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8 x I0’2— ( 2)  2.31 x l0 2*~jj
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W / C  = __________  Cu r i ng  Time =  D a t e :  _£uILe
A g g .  =  3 / 8  i n .  _  ^ j r Q r j e g  =  130 d a j r a . _ _ _ _ _ _ _



















224.80 225.00 225.30 225.50 225.50 225.70 226.00 226.30 226.60
(AL)IO3 0 -4.38 -10.95 -15.32 -15.32 -19.70 -26.30 -32.85 -39.40
{^ /L)\05 0 -3.08 -7.71 -9.28 *9.28 -13.88 -18.50 -23.10 -27.75
2 251.80
251.80 252.00 252.40 252.60 252.50 252.70 252.90 253.30 253.70
(AL)IO3 0 -4.62 -13.85 -18.48 -16.16 -20.80 -25.40 -34.60 -43.90
(AL/l)|0 5 0 -3.25 -9.75 -13.00 -11.38 -14.65 -17.90 -24.35 -30.90
3 308.40
308.40 308.60 309*00 309.10 309.10 309.40 309.60 310.10 310.50
(AL)IO3 0 -4.76 -14.28 -16.65 -16.65 -23.80 -28.60 -40.50 -50.00
(AL/L)I05 0 -3.35 -10.05 -11.72 -11.72 -16.75 -20.15 -28.55 -35.20
SPEC. Partially Sat.Wtd } Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) ( 1 ) -  ( 3 ) %Sat. -
1 3.542 lb. 3.632 lb. 3.232 lb. 0.400 lb. 0.310 lb. 77.5
2 3.562 lb. 3.659 lb. 3.254 lb. 0.405 lb. 0.308 lb. 76.1
3 3.500 lb. 3.599 lb. 3.201 lb. 0.398 lb. 0.299 lb. 75.0
NOTE! Tr a ns mi t t e r  Cal ibrat ion C on stants: (0 )  2 . 3 8 xlO~2 ( 2 )  2.31
( I ) 2 . 2 9 X I 0 2 - 2 2 -------  ( J )  2 .19*  IOZ- 2 U a
Further reproduction prohibited without permission. 












w / c = ____0._55__ Curing Time = _______y±  days D ate  : 19.67
Agg. - 3/8 in. Air Dried _ 64 days
Air = _____7 £ _____
























234.00 234.30 234.50 234.70 234.20 234.20 232.80 231.80 231.80 231.70
1 234.00 (AL)IO3 0 -6.93 -11.55 -16.17 -4.62 -4.62 27.70 50.80 50.80 48.50
l^/Oio5 0 -4 .88 -8.13 -11.38 -3.25 -3.25 19.50 35.80 35.80 34.15
253.90 254.10 254.40 254.60 254.70 254.70 254.00 253.20 252.90 252.90
2 253.90 (AL)IO3 0 -4.38 -10.94 -15.31 -17.50 -17.50 -2.19 15.31 21.90 21.90
(AIvl)I05 0 -3.08 -7.71 -10.78 -12.32 -12.32 -1.54 10.78 15.40 15.40
286.60 288.90 289.20 289.50 289.30 289.20 289.00 288.20 287.90 287.90
2A 288.60 (AL)IO3 0 -7.14 -14.28 -21.40 -16.66 -14.28 -9.53 9.53 16.66 16.66
(AL/l)I05 0 -5.03 -10.05 -15.06 -11.72 -10.05 -6.71 6.71 11.72 11.72




1 3.631 lb. 3.662 lb. 3.241 lb. 0.421 lb. 0.390 lb. 92.5
2 3.510 lb. 3.545 lb. 3.143 lb. 0.402 lb. 0.367 lb. 91.3
2A 3.492 lb. 3.527 lb. 3.131 lb. 0.396 lb. 0.361 lb. 91.2
NOTE! Transmitter Calibration Constants: (0) 2 , 3 8  xlO~2 (2 )  2.31 xIO2-^-^
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W / C  = ___ 0»55___  Cu r i n g  Time = __ D a t e  : 21j._19.67
A g g .  = ____ 3 / 8 ___ Air Dr i ed  = 16 days _























273.00 273 .2 0 273.50 273.80 273.80 272.10 269.10 2 6 8 .0 0 2 6 7 .5 0
(AL)IO3 0 - 4 .6 2 -11.55 -18.45 -18.45 20.80 90.00 115.50 127 .00
l^ /iJ io5 0 - 8 .  pa - 8 .1 4 -1 8 .00 -18 .00 14-65 A8 ./,o 81 . <50 89 . 50
1A 224.10
22-4.10 224.50 224.'50 224.60 224.50 223.50 219.30 218.60 217.70
(AL)IO3 0 -4.76 -9.52 -11.90 -9.52 14.28 114.10 131 .0 0 152 .10
(AlyL)|0 5 0 -3.28 - 6 .5 6 -8.39 -6.56 9.93 80.50 9 2 .2 0 9 3 .4 0
----------- (AL)IO3
(al/l)I05
SPEC. Partially Sat.WK 1) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 )  - ( 3 ) [ l i ­ 31%SQT. " ft) - 3 /
0
1 3.612 lb. 3 .6 1 2  lb . 3.300 lb. 0.312 lb. 0.000 100.0
1A 3.547 lb . 3.547 lb. 3.231 lb . 0.316 lb. 0.000 100.0
NOTE! Tr ans mi t t e r  Cal ibrat ion C on stants: ( 0 )  2 . 3 8 x t O ~ 2 ( 2 ) 2.31
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C u r i n g  Time ------
A. _ . . 40 days
Air Dried = _____ ______
D a t e  : 2±
T E M P E R A T U R E S  ° F
SPEC. Init.Rdg. SurfaceCentre
40.3






















153.00 153.20 153.30 153,50 153.50 154.00 154.40 154.70 154.90 155.20
(AL)IO3 0 -4 .58 -6 .86 -11.45 -11.45 -23.80 -32.05 -38.90
O31 - 52.70
(^ /JIO 5 0 -3.23 -4.84 -8 .07 -8 .07 -16.75 - 22.60 -27.40 - 30.60 -37.15
5 240.80
240.80 241.00 241.20 241.60 241.40 242.10 242.40 242.60 242.80 243.20
(AL)IO3 0 -4 .62 -9 .2 4 -18.50 -13.85 -30.00 -36.95 -41.60 -46.20 -53.20
(AL/l)|o5 0 - 3 .26 -6 .51 -13.01 -9 .75 -21.10 -26.05 -29.30 -32.60 -37.45
----------- (AL)IO3
(AL/l)I05
SPEC. Partially Sat.Wt( 1) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 )  -  ( 3 ) HI
a . 3}toSOt. 2 — 3)
4 3.438 lb . 3.612 lb . 3.227 lb. 0.385 lb . 0.211 lb. 54.8
5 3.432 lb . 3.595 lb . 3.228 lb. 0.367 lb. 0.204 lb. 55.6
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8 x l 0 2
{ I ) 2 .2 9  xIO2 S -
(2> Z.SIxlO2- ^ -  
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W / C  = _ ° L 6 2_____  C u r i n g  Ti me  D a t e  : Jwas _19,-126 .7
A g g .  =  3 / 8 _ i n .   Air  D r i e d  =  ^  j i a j r e  
A ir  =  IjL ______  ______________________________________________________________________________________


















280.10 280.20 280.60 281.00 281.00 281.00 281.80 282.10 282.50
4 280.10 (AL)IO3 0 -2.31 -11.52 -20.80 -20.80 -20.80 -39.30 -46.20 -53.20
(ALyL)io5 0 -1.63 -8.13 -14.64 -14.64 -14.64 -27.65 -32.50 -37.40
210.80 211.00 211.20 211.40 211.40 211.40 212.10 212.30 212.60
4A 210.80 (AL)IO3 0 -4.38 -8.75 -13.14 -13.14 -13.14 -27.45 -32.80 -39.40_
(^/jio5 0 -3.09 -6.17 -9.26 -9.26 -9.26 -19.33 -23.10 -27.85
221.90 222.00 222.20 222.60 222.70 223.00 223.60 224.00 224.20
5 221.90 (AL)IO3 0 -2.38 -7.14 *16.68 -19.05 -26.20 -40.50 -50.00 -54.80
(AL/|_)I05 0 -1.68 -5.03 -11.75 -13.40 -18.45 -28.50 -35.20 -38.60
(AL)IO3
(AL/l)I05
SPEC. Partially Sat.W U l) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 ) -  ( 3 ) % S u L  (2] -Is)
4 3.418 lb. 3.536 lb. 3.154 lb. 0.382 lb. 0.264 lb. 69.1
4A 3.420 lb. 3.535 lb. 3.159 lb. 0.376 lb. 0.261 lb. 71.5
5 3.491 lb. 3.611 lb. 3.220 lb. 0.391 lb. 0.271 lb. 69.5
NOTE! Transmitter Calibration Constants: (0) 2 .3 8 x  I0"2— |^ ~  (2 )  2.31 x l0 2*~!y
( 1 ) 2 . 8 9 . I 0 2 S   ( 3 )  2 . I 9 x I 0 2 J U *
ofc
r*
g.OIXI ‘39NVH9 H 1 9 N 3 H












W /C  = ____ ° ^ ° _  Curing Time = - _  D ate  :
Agg. =  b 'U - I L - -  Air Dried = _ A L 4 s a .  —
Air =  V i ________________________________________________________________________________________________























232.00 232.30 232.80 233.20 233.20 233.00 231.50 230.70 230.30
(AL)IO3 0 -6.56 -17.51 -26.30 -26.30 -21.9 10.95 28.60 37.20
(^-/l)io5 0 -4.61 -12.31 -19.20 -19.20 -15.42 7.70 20.10 26.20
5 230.70
230.70 231.00 231.40 231.70 231.80 231.00 229.80 229.10 229.50
(AL)IO3 0 -7.14 -16.67 -23.80 -26,20 -7.14 21.40 38.10 28.60
(A!vl )|05 0 -5.03 -11.72 -16.75 -18.45 -5.03 15.08 26.80 20.15
----------- (AL)IO3
(al/l)I05
SPEC. Partially Sat.W U l) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) ( 1 ) -  ( 3 ) %Sat. -
4 3.518 lb. 3.557 lb. 3.518 lb. 0.382 lb. 0.343 lb. 89.9
5 3.598 lb. 3.645 lb. 3.598 lb. 0.388 lb. 0.341 lb. 87.9
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8 xlO~2 (2 )  2.31 xIO2-—$
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W / C  = _______ 9,-kL C u r i n g  Ti me  = _____l/u_daira_ D a t e : ___June—2 t_1Q&7
Agg. = _  _  Air Dried = _____6i -
Air = _ J E   _________________________________________________
























3B Z l^ S S l
276.90 277.00 277.20 277.70 278.10 278.40 273.60 279.00 279.30
(AL)IO3 0 -2.38 -7.14 -19.03 -28.60 -35.70 -40.40 -50.00 -57.10
(AlvL)|05 0 -1.68 -5.03 -13.40 -20.15 -25.15 -28.48 -35.20 -40.20
----------- (AL)IO3
(AL/l)I05
SPEC. Partially Sat.WtO ) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 )  - ( 3 ) **•*■ f i l - l l l
3B 3.811 lb. 3.895 lb. 3.613 lb. 0.280 lb. 0.198 lb. 70.7
NOTE! Transmitter Calibration Constants: (0) 2 .3 8  xlO~2 jp;-™ ■ (2 )  2.31 x l0 2*jjfj}j












W / C  =  Cu r i ng  Time D a t e  : £ « £  «i. 1967.
Agg.  =  3 ^ j L n .  Air D r i e d  = _6 jL  (iaj£2_ __
Air =  I S   ________________________________________________________________________________________ _

























249.40 249.70 250.00 250.00 250.30 250.70 251.00 251.10 251.40
(AL)IO3 -2.31 -9.24 -16.16 -16.16 -23.10 -32.30 -39.20 -41.60 -48.50
(AL/l)I05 -1.63 -6.51 -11.38 -11.38 -16.30 -22.75 -27.60 -29.30 -34.20
SPEC. Partially Sat.W t(l) Vacuum Sat.Wt(Z) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 )  - ( 3 ) %Sat. - H I2
3 3.783 lb. 3.849 lb. 3.615 lb. 0.234 lb. 0.168 lb. 71.8
NOTE. Transmitter Calibration Constants: (0) 2 . 3 8 x l 0 2 ( 2 )  2 .3t xIO2*]—
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W /C  = ______ Curing Time =  1^. da^s _  D ate  : _May _1P>_L9&7
Agg. = ___ 3/4_____  Air Dried = _6Q jiiij£a__
Air =  Z%----------  ----------------------------------------------------------------------------------------------------------------------------------------------























29600 29610 296.30 296.50 296.30 296.40 296.70 296.90 297.20
(AL)IO3 0 -2.31 -6.93 -11.52 -6.93 -9.24 -16.17 -20.8 -27.70
(^ -/^ io5 0 -1.63 -4 .88 -8.12 -4.88 -6.50 -11.40 -14.66 -19.50
2 2386o_
238.60 238.80 239.00 238.90 239.20 239.60 240.00 240.20 240.50
(AL)IO3 0 -4.38 . -8.75 -6.56 -13.12 -21.9 -30.7 -35.00 -41.60
(ALyL)|05 0 -3.08 -6.16 -4.61 -9.25 -15.41 -21.6 -24.6 -29.3
----------- (AL)IO3
(AL/l)I05
SPEC. Partially Sat.Wt (1) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 )  -  ( 3 ) E M - ( 3 )%  SOT. 2 -  h i
0
1 3.789 lb. 3.841 lb. 3.537 lb. 0.306 lb. 0.252 lb. 82.4
2 3.767 lb. 3.824 lb. 3.516 lb. 0.308 lb. 0.251 lb. 81.5
NOTE! Transmitter Calibration Constants: (0) 2 .3 8 x l0 ~ 2 ( 2 )  2.31 x l0 2-~2p
( I )i2 . 2 9 xIO2 ------  (3 )  2.I9X 10
o o o o o
ro  cm — 7
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W / C  =  QJs3  C u r i ng  Time = _ 1 4 - l a j c a _  D o t e  : _M ay-31r-3- ^
A g g .  = _____2 A   Air D r i e d  = _ 6 0  _
Air = _____% _____  _ _____________________________________________________________________________________________























265.00 265.25 265.50 265.70 265.00 265.10 265.00 264.30 265.20
(AL)IO3 0 -5.47 -10.94 -15.32 0 2.19 0 -4.38 -8.76
I ^ I O 5 0 -3.35 -7.71 -10.79 0 1.54 0 -3.08 -6.16
2 263-30
265.80 264.00 264.10 263.80 263.00 262.00 262.00 261.90 261.30
(AL)IO3 0 -1.58 -6.86 0 18.32 41.3 41.30 43.50 15.80
(al/ L)I05 0 -3.23 -4.84 0 12.90 29.10 29.10 30.80 32.30
----------- (AL)K)3
(AL/l)I05




1 3.829 lb. 3.361 lb. 3.563 lb. 0.293 lb. 0.262 lb. 89.5
2 3.330 lb. 3.362 lb. 3.562 lb. 0.300 lb. 0.267 lb. 89.0
NOTE! Transmitter Calibration Constants: (0) 2 .3 8 x l0 ~ 2 ( 2 )  2.31 x IO2-—^
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W / C  = _____  C u r i n g  Time =  1A. da;vs __ D a t e  : _J.ud<5_6,_19£7
A « .  = Air D r i e d  = _ 6j ! i aE _
Air =  Z%______

























215.90 216.00 216.20 216.30 216.30 216.40 216.80 217.20 217.50 217.90
(AL)IO3 0 -2.29 -6 .86 -9.15 -9 .15 -11.45 - 20.60 -29.80 -36.65 -45.80
(AlyL)|0 5 00 - 1.61 -4.64 -6.45 -6.45 -8 .07 -14.51 -21.00 -25.80 -32.25
3 25.9i.50_
259.50 259.70 259.60 259.60 259.90 260.00 260.30 260.60 260.90 261.20
(AL)IO3 0 -4 .62 -6 .83 -6 .93 -9.25 -11.55 -1.8.48 -25.40 -32.30 -39.30
(AL/l )|05 0 -3.22 -4 .68 —4.68 -6 .52 -8 .14 -13.00 -17.90 -22.75 -27.70
SPEC. Partially Sat.W Ul) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 )  -  ( 3 ) %Sat.
2 3.628 lb. 3.753 lb. 3.431 lb. 0.322 lb. 0.197 lb. 61.1
3 3.461 lb. 3.596 lb. 3.259 lb. 0.337 lb. 0.202 lb. 60.0
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8 x  I0"2- — ( 2)  2.31 x l6 2—~p
( | ) 2 . 2 9 xlO 2 3 -------  ( 3 )  2 .I9X  l 62 - «
_ O I X I  *39N VH 0 H 1 9 N 3 1s

















3/4 in . 
1%
.  14 days
Curing Time = ____________
Air Dried = _
D a t e  :June 1 5 ,  1 9 6 7
T E M P E R A T U R  E S  ° F
SPEC. Init.Rdg. SurfaceCentre S
S
0



















213.40 213.50 213.80 213.50 213.80 213.80 214.00 214.50 214.80
(AL)IO3 0 -2.19 -8.75 -2.19 -8.75 -8.75 -13.12 -24.10 -30.70
(^/JIO5 0 -1.54 -6.16 -1.54 -1.54 -1.54 -9.25 -16.97 -21.60
2 322.30
322.30 322.40 322.80 323.20 323.30 322.80 322.20 322.80 323.00
(AL)tO3 0 -2.38 -11.90 -21.60 -23.80 -11.90 2.38 -11.90 -16.67
(AL/l )|0 5 0 -1.68 -8.38 -15.20 -16.75 -8.38 1.68 -8.38 -11.72
2A 244j_30_
244.30 244.50 244.90 244.80 244.90 245.00 244.90 245.30 245.70
(AL)IO3 0 -4.62 -13.86 -11.43 -13.86 -16.17 -13.16 -23.10 -31.20
(AL/|_)I05 0 -3.27 -9.76 -8.06 -9.76 -11.38 -9.76 -16.27 -21.95
SPEC. Partially Sat.WtO ) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 ) -  ( 3 ) %Sat.
1 3.631 lb. 3.712 lb. 3.368 lb. 0.343 lb. 0.262 lb. 76.5
2 3.730 lb. 3.780 lb. 3.458 lb. 0.322 lb. 0.272 lb. 84.5
2A 3.728 lb. 3.789 lb. 3.482 lb. 0.307 lb. 0.246 lb. 80.2
NOTE! Tr ans mi t t e r  Cal ibrat ion C on stants: (0 )  2 . 3 8 x 1 0 2
( I ) 2 .2 9  xIO2 S -
(2 )  2.31 x I02-^U5- ' 1 * unit
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Curing Time = ____________ D a t e :  _June 13 , 1967
Air Dried = _74_days _























175.30 176.00 176.20 176.40 176.00' 176.00 171.50 170.00 169.70
(AL)IO3 0 -4.38 -8.76 -13.14 -4.38 -4.38 94.30 126.90 133.40
0 -3.03 -6.16 -9.25 -3.03 -3.03 66.25 89.40 94.10
2
228.60 228.80 228.90 229.10- 228.90 227.80 222.50 221.50 220.80
(AL)IO3 0 -4.62 -6.93 -11.53 -6.93 18.47 140.30 164.00 180.00
(ALyL)l05 0 -3.25 -4.83 -8.12 -4.88 13.00 99.10 115.40 126.80
3 290^80
290.30 291.10 291.40 291.50 291.10 289.60 283.50 283.00 283.20
(AL)IO3 0 -7.14 -14.28 -16.67 -7.14 28.60 173.70 185.60 183.20
(AL/l)I05 0 -5.03 -9.95 -11.72 -5.03 20.15 122.40 130.80 129.00
SPEC. Partially Sat.Wtd ) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) ( 1 ) -  ( 3 ) 51%Sat. - f g . . 3)
1 3.712 lb. 3.744 lb. 3.364 lb. 0.380 lb. 0.348 lb. 91.6
2 3.788 lb. 3.813 lb. 3.460 lb. 0.353 lb. 0.328 lb. 93.0
3 3.607 lb. 3.633 lb. 3.271 lb. 0.362 lb. 0.336 lb. 92.8
NOTE: T r a n s m it t er  Cal ibration  Constants:  ( 0 )  2 . 3 8 x I0"2 ( 2 )  2.31 xIO2 -— ™
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D a t e J u n e  2 7 ,  1 9 6 7























312.00 312.25 312.60 312.80 311.50 308.20 306.90 305.80 305.00
(AL)IO3 0 -5.78 -13.86 -18.48 11.55 90.00 117.60 143.10 161.60




284.60 284.90 285.10 284.90 284.00 280.40 278.90 277.70 277.00
(AL)(03 0 -6.87 -11.45 -6.87 13.72 96.00 131.50 158.00 174.00
(AL/L)I05 0 -4.83 -8.06 -4.83 9.66 67.60 92.50 111.10 122.30
SPEC. Partially Sat.WK 1) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 ) -  ( 3 ) %Sot. -(3)- ( 3 ’
0
1 3.660 lb. 3.660 lb. 3.346 lb. 0.314 lb. 0.000 100.0
2
3A 3.597 lb. 3.597 lb. 3.285 lb. 0.312 lb. 0.000 100.0
NOTE! T r a n s m it t e r  Calibration Constants:  ( 0 )  2 . 3 8 x I 0 2
( I ) 2 . 2 9  xIO2 S -
U )  2 . 3 l x l 6 2 -&2f-
( 3 )  2 . l 9 x l 0 2 - S y ?
















„ . 14 days
Curing Time = ____________
Air Dried = _ 6 0  days _
D a t . : £ aL 21 2 2 6l




















241.00 241.30 241.50 241.70 242.00 242.30 242.50 242.80 242.85
4 241.00 (AL)IO3 0 -6.93 -11.6 -16.2 -23.1 -30.0 -34.6 -41.6 -42.7
(al/l)I05 0 -4.88 -8.17 -11.4 -16.3 -21.1 -24.4 -29.3 -30.0
240.00 240.30 240.50 240.90 241.10 241.40 241.70 241.80 241.90
1 240.00 (AL)IO3 9 -6.56 -11.0 -19.7 -24.1 -30.6 -37.2 -39.4 -41.6
l^/ijio5 0 -4.61 -7.75 -13.9 -17.0 -21.6 -25.2 -27.8 -29.3
280.70 280.90 281.10 281.00 281.10 281.30 281.60 281.70 218.75
4A 280.70 (AL)IO3 0 -4.58 -9.15 -6.88 -9.15 -13.7 -20.6 -22.9 -24.1
(ALyL)|0 5 0 -3.22 -6.44 -4.35 . —6.44 -9.65 -14.5 -16.2 -17.0
(AL)IO3
(AL/ l)I05
SPEC. Partially Sat.WtO ) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 ) -  ( 3 ) 1]% S qt. ~ - h i
4 3.678 lb. 3.791 lb. 3.479 lb. 0.312 lb. 0.199 lb. 63 .8
1 3.778 lb. 3.866 lb. 3.571 lb. 0.295 lb. 0.207 lb. 69.5
4A 3.708 lb. 3.819 lb. 3.454 lb. 0.365 lb. 0.254 lb. 69.6
NOTE: T r a n s m it t e r  Cal ibrat ion Constants:  ( 0 )  2 . 3 8  x I 0~2 <2 ) 2 .31 xIO2 '^ ™
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W /C  = ___________
Agg. =  3 /4 ______
Air
_ 14 days
Curing Time = ____________ D o t e : _ i a/ _ 26J - i ! 67
Air Dried s  66 days _





















268.30 268.80 269.00 269.40 269.80 270.00 270.40 270.70 271.00
<AL)I03 0 -11.0 -15.3 -24.1 -32.9 -37.3 -46.0 -52.6 -59.2
(AL/L)IOb 0 -7.75 -10.8 -17.0 -23.2 -26.2 -32 .4 -37.0 -41.6
4A 293.60
293.60 294.00 294.30 294.60 294.80 295.10 295.40 295.70 295.80
(AL)IO3 0 -9.25 -16.2 -23.1 -27.7 -34.7 -41.6 -48.5 -50.8





SPEC. Partially Sat.Wtd ) Vacuum Sat. Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 )  -  ( 3 ) %Sat. - 2
4 3.730 lb. 3.802 lb. 3.471 lb. 0.331 lb. 0.259 lb. 78.3
4A 3.712 lb. 3.791 lb. 3.500 lb. 0.291 lb. 0.212 lb. 72.9
NOTE! T r a n s m it t er  Calibration Constants:  ( 0 )  2 . 3 8  x I O 2
( I ) 2 . 2 9  xl(j2 S -
(2 )  2.31 x l6 2JSJ3-'  u n it
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W /C  = _____  Curing Time = _  Jir-cla^eu D ate  : U a y - 2 2 y  -196?.
Agg. = -----3/4--------- Air Dried = — aOuiajra—
Air = _ J L * _______ .. _ _ ......... .......  ______________________
T E M F5 E R A T U R E S * F
SPEC. Init.Rdg. SurfaceCentre









294.50 294.70 295.00 295.10 295.25 294.30 291.60 289.40 289.20 289.00
4 294.50 <AL)I03 0 -4.62 -11.5 -13.9 -17.3 4.62 67.0 117.80 122.10 127.0
(AL/L)I05 0 -3.25 -8 .1 -9.8 -12.2 3.25 47.1 82.50 86.10 .89.5
210.70 211.10 211.10 211.30 211.20 211.00 210.20 209.60 209.20 209.40
1 210^ 20. (AL)IO3 0 -4.38 -4.38 -8.75 -6 .56 -2.19 15.3 28.5 37.2 32.8
(^/LJIO5 0 -3.08 -3.08 -6.16 -4.63 -1.54 10.8 20.1 26.2 23.1
278.30 278.50 278.60 278.70 278.10 277.00 275.80 275.20 275.00 274.80
3 278*30. (AL)IO3 n -4.58 -6.86 -9.15 4.58 29.8 57.3 71.0 75.5 80.0
(AL/l)|0 5 0 -3.23 -4 .84 -6.42 3.23 21.1 40.4 50.0 53.1 56.4
(AL)IO3
(AL/L)I05
SPEC. Partially Sat.WUI) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 ) -  ( 3 ) * s°'- - & t { &
4 3.778 lb. 3.805 lb. 3.431. lb. 0.324 lb. 0.297 lb. 91.7
1 3.879 lb. 3.902 lb. 3.612 lb. 0.290 lb. 0.267 lb. 92.0
3 3.804 lb. 3.834 lb. 3.520 lb. 0.314 lb. 0.284 lb. 90.5
NOTE! Transmitter Calibration Constants: (0) 2 .3 8 x l0 ~ 2 (2 )  2.31 xIO2— ^
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w/ c  =
Agg. - 2/Jk____
- . 14 daysCuring Time = _______— ,
Air Dried _ 3.0p_4 e a s __
D a te :^ 1 ^ 2 9^ Z















8 .0  .
3 .8  
.. 4 .4
1 .0




230.50 230.70 231.00 231.00 230.00 226.50 224.30 223.10 222.50
(AL)IO3 0 -4 .76 -11.90 -11 .90 4.76 95.20 147.50 170.00 181.20




234.00 234.20 234.60 234.60 233.00 230.90 229.90 229.10 228.70
(AL)IO3 0 -4 .6 2 -13.85 -13.85 23.10 71.60 94.80 113.30 122.50
{AL/jJIO5 0 *3.25 -9 .75 -9 .75 16.29 50.40 66.80 80.00 86.30
SPEC. Partially Sat.W Ul) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 )  -  ( 3 ) E?l%S0f. ( 2 -  ' 3)
1 3.855 lb . 3.855 lb . 3.580 lb . 0.275 lb . 0.000 100.0
3 3.802 lb . 3.802 lb . 3.521 lb . 0.281 lb . 0.000 100.0
NOTE! T r a n s m it t e r  Cal ibration  Constants:  (0 )  2 . 3 8 x  l 0 2 - ~ j y ^
( I ) 2 . 2 9  xIO2 S -
(2 ) 2  31 *I0 2- ^
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W / C  = _  C u r i n g  Time = ___  D a t e :
A gg. = — JJhJ-lL--  A ir D r i e d  = _ 9 0 _ d a y s_
Air = ____ 7A .___ - _______________________________________________________________________________________________























269.60 269.90 270.20 270.30 270.60 270.90 271.20 271.40 271.70
(AL)IO3 0 -7.14 -14.28 -16.66 -23.80 -30.90 -38.05 -42.80 -50.00
(^/JIO5 0 -5.03 -10.05 -11.73 -16.75 -21.80 -26.80 -30.15 -35.20
5A 218.00
218.00 218.20 218.50 218.50 218.80 219.00 219.20 219.30 219.70
(AL)IO3 0 -4.38 -10.95 -10.95 -17.52 -21.90 -26.30 -28.50 -37.25
(AL/l)|0 5 0 -3.08 -7.71 -7.71 -12.33 -15.41 -18.52 -20.05 -26.20
----------- (AL)IO3
(AL/l)I05




5 3.502 lb. 3.631 lb. 3.279 lb. 0.352 lb. 0.223 lb. 63.5
5A 3.535 lb. 3.642 lb. 3.309 lb. 0.333 lb. 0.226 lb. 68.0
NOTE! Transmitter Calibration Constants: (0) 2 . 3 8  xlO~2 ( 2 ) 2.31 x l0 2-JjjJj
( D 2 . 2 9 X I 0 2 S   ( 3 ) 2 . 1 9 x 1 0  - S U a
gwOIXI * 3 9 N  VH O H 1 9 N 3 1














W / C  = ___ C u r in g  Time s_3^L_4ay2__ D a t e :  1267
Agg. = - 3 I k  i H - _ _  Air Dried = J ? — dk T t ____
7%

























247.80 248.00 248.30 248.20 248.20 248.50 248.70 249.00 249.30 249.50
(AL)IO3 0 -4.38 -10.95 -8.75 -8.75 -15.33 -19.22 -26.30 -32.80 . -37.20
l^ /JIO 5 0 -3.08 -7.72 -6.16 -6 .16 -10.80 -13.90 -18.54 -23.10 -26.20
6 234^50
234.50 234.70 234.90 235.00 234.60 234.80 234.80 235.00 235.10 235.30
(AL)IO3 0 -4.62 -9.24 -11.54 -2.31 -6.93 -6.93 -11.54 -13.87 -18.50




SPEC. Partially Sat.WtO ) Vacuum Sat. Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 ) -  ( 3 ) %Sat. - 2
5 3.590 lb. 3.675 lb. 3.351 lb. 0.324 lb. 0.239 lb. 73.8
6 3.581 lb. 3.665 lb. 3.282 lb. 0.383 lb. 0.299 lb. 78.2
NOTE: Transmitter Calibration Constants: (0) 2 . 3 8 xlO~2 u^jj" (2 )  2.31 x l0 2*^!j
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_ _.14 daysC urtng Time =  _____ _ ___ D a t e : JULY 9 ,  1 9 6 7
Air Dried = ____60. dsya.



















0 .0  
T .0
5 250.00
253.00 253.20 253.40 253.80 253.90 248.60 242.00 239.80 238.80
(AL)IO3 0 -4 .76 -9 .5 2 -19.04 -21 .40 104.80 262 .00 314.00 338.00
(AL/L)I05 0 -3 .35 -6 .7 0 -13 .40 -15 .07 73.80 184.50 221.00 238.00
---------- (AL)IO3





SPEC. Partially Sat.WK 1) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  1 3 ) ( 1 ) -  ( 3 ) [M 31%sat. 2 - 3)
5 3.686 lb . 3.690 lb . 3.388 lb . 0.302 lb . 0.298 lb . 98.7$
NOTE! T r an sm it t er  Cal ibration  Constants: (0) 2 .3 8 x 1 0




(2 )  2.31 XIO: 2 m munit
-2












W / C  = _____  C u r i n g  Time =  14 . d_ajrs __ D a t e  : _  J u n ® . ^ >1.967
Agg. = ______3Z4in_' Air D r i e d  = £ “2  _
Air = _______H ___





















t^ / i j io 5
5A 265.80
265.80 266.00 266.20 266.40 266.80 264.30 261.00 260.70 260.50
(AL)IO3 0 -4.58 -9.16 -13.72 -4.58 34.40 110.00 116.90 122.50
(AlyL)|0 5 0 -3.23 -6.46 -9.66 -3.23 24.20 77.50 82.50 86.30
----------- (AL)IO3
(AL/l)I05
SPEC. Partially Sat.Wtd ) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) (1 ) -  ( 3 )
5A 3.602 lb. 3.632 lb. 3.291 lb. 0.341 lb. 0.311 lb. 91.2
NOTE! Transmit ter  Calibration Constants: (0) 2 .3  8 x  I 0 ?  ( 2)  2 . 3 I x I 0 2 ^ | j












W / C  = _ Q iA iL .   C u r in g  Time = _ 1 4 _ d-ay§____  D a t e  : JLune3D ,_12d7
Agg. =  l ib _______  Air D r i e d  = J&L/isiys___
Air = —7$________  ______________________________________________________________________________________________





















316.80 316.90 317.40 316.20 315.60 314.80 314.80 314.50
(AL)IO3 0 -2.31 -13.86 9.25 27.70 46.20 46.20 34.60
( ^ l O 5 0 -1.63 -9.76 6.51 19.50 32.50 . 32.50 24.35
2 261*2Q
261.20 261.40 262.00 261.40 260.90 260.40 260.90 260.50
(AL)IO3 0 -4.76 -16.67 _ -4.76 7.14 19.05 7.14 16.67
(AL/L)I05 0 -3.38 -11.73 -3.38 5.04 13.42 5.04 11.73
3A 217^ 30.
217.30 217.10 217.90 216.30 216.30 216.00 216.50 216.00
(AL)K)3 0 -2.19 -15.30 21.9 21.9 28.50 39.40 28.50
(AL/L)I05 0 -1*54 -10.78 15.42 15.42 20.05 27.80 20.05





1 3.742 lb. 3.742 lb. 3.451 lb. 0.291 lb. 0.000 100.0
2 3.844 lb. 3.844 lb. 3.560 lb. 0.234 lb. 0.000 100.0
3A 3.803 lb. 3.803 lb. 3.522 lb. 0.231 lb. 0.000 100.0
NOTE! Transmitter Calibration Constants: (0) 2 .38xlO ~2 ( 2 )  2.31 x IO2- - ^












W /C  = ____ 0*2 9___ C u r in g  Time = ___ I k d a J S ._  D o t e : — J u l y . 12.67
Agg. = _____ 3 / 8 _in. Air Dried = _ 3_2 _
Air = _______1%.___  _________________________________________________





















1 . 4 .
4 310.50
310.50 310.75 210.90 311.00 311.10 311.25 310.90 308.50 308.20 308.20
(AL)IO3 0 -5.73 -9.15 -11.43 -13.73 -17.17 -9.15 45.80 52.60 52.60







SPEC. Partially Sat.WtO ) Vacuum Sat.Wt.(2) Oven-Dried Wt.(3) ( 2 )  -  ( 3 ) ( 1 ) -  ( 3 ) %Sat. -
4 3.805 lb. 3.818 lb. 3.519 lb. 0.299 lb. 0.286 lb. 96.0
NOTE! Transmitter Calibration Constants: (0) 2 .3 8 x l0 ~ 2 u” ™- (2 )  2.31 x l6 2*{~5p
! I > 2 . 2 9 X I 0 2 S   ( 3 )  2 . I 9 X I 0 2
1 7 9
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